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ABSTRACT

We have studied coatings deposited using our inductively-coupled RF plasma ion
implantation and desposition system to suppress field emission from large, 3-D electrode
structures used in high voltage applications, like those used by Thomas Jefferson
National Accelerator Facility in their DC-field photoelectron gun. Currently time and
labor-intensive hand-polishing procedures are used to minimize field emission from these
structures. Previous work had shown that the field emission from polished stainless steel
(27 \xA of field-emitted current at 15 MV/m) could be drastically reduced with
simultaneous deposition of sputtered silicon dioxide during nitrogen implantation (167
pA of field-emitted current at 30 MV/m). We have determined that this unique
implantation and deposition procedure produces high-purity silicon oxynitride films that
can suppress field emission from stainless steel regardless of their initial surface polish.
However, when this implantation procedure was applied to large, 3-D substrates, arcs
occurred, damaging the coating and causing unreliable and unrepeatable field emission
suppression.
We have developed a novel reactive sputtering procedure to deposit high-purity
silicon oxynitride coatings without nitrogen ion implantation. We can control the
stoichiometry and deposition rate of these coatings by adjusting the nitrogen pressure and
incident RF-power.
Using profilometry, Auger electron spectroscopy, X-ray
photoelectron spectroscopy, Fourier transform infrared spectroscopy, Rutherford
backscattering spectrometry, elastic recoil detection analysis, and current-voltage
measurements, we have determined that the elemental composition, chemical bonding,
density, and electrical properties of the reactively-sputtered silicon oxynitride coatings
are similar to those produced by nitrogen implantation during silicon dioxide deposition.
Furthermore, high voltage tests determined that both coatings similarly suppress field
emission from 6” diameter, polished stainless steel electrodes.
We determined a quantitative, predictive electron emission model to describe
electron emission from our silicon oxynitride coatings. Although Fowler-Nordheim
theory adequately describes field emission from metals, it does not apply to our dielectric
coatings. Several models exist in the literature to describe electron emission from
dielectrics. Based upon our high voltage field emission results, electron emission from
our silicon oxynitride coatings is described by the Schottky and Poole-Frenkel emission
models. These models predict that increasing the band gap, dielectric constant, and
electron affinity of our silicon oxynitride coatings would further reduce field emission.

xiv
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CHAPTER 1
Introduction

1.1

Motivations

1.1.1

High Voltage Applications: Field Emission Suppression
Although certain applications, like vacuum tubes, require materials that emit large

currents at low voltages, other “high” voltage industries call for the suppression of field
emission.

The development of more powerful free electron lasers (FEL) has been

inhibited by the slow advance of better electron sources,1 and the primary limitation to
achieving higher operating voltages in DC-field photoelectron guns is field emission.2 In
a typical photoelectron gun, seen in Figure 1.1, the primary current that will supply the
resulting accelerator comes from the photoemission of a laser irradiated, cesiated gallium
arsenide (GaAs) wafer, supported by stainless steel structures held under controlled
electric fields. The two main parameters for a photoelectron gun are the bunch charge
and emittance of the resulting electron beam. Bunch charge is related to the number of
photoelectrons generated by each laser pulse; for example, JLab currently requires a
hunch charge o f 135 pC/bunch. The emittance is set by the diameter of the photoelectron
beam, which is determined by the size of the emission area and the solid angle created by
the ejected electron beam. By increasing the operating voltage, and thus the electric
fields, of a DC-field photoelectron gun, more photoelectrons can be extracted, producing
a larger bunch charge, and the divergence of the emitted photoelectrons would decrease,
2
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lowering the emittance.

In theory, the resulting electron beam would therefore be

brighter and better.
In practice, however, raising the operating voltage of the electron gun is limited
by field emission.2 Field-emitted electrons arise from the stainless steel supports, causing
arcs, permanent damage to the surface polish, and the release of gases into the ultra-high
vacuum environment. All these issues result in the decrease of the bunch charge and an
increase in the emittance of the electron beam by lowering the quantum efficiency of the
photocathode resulting in less photoelectrons, increasing the scatter of the emitted
electrons, increasing the vacuum pressure resulting in back-ion bombardment and arcs, or
causing electrical breakdown. Suppressing field emission is therefore essential to the
successful operation of DC-field photoelectron guns 2,3 Similar limitations exist in other
high voltage structures including electron sources and other accelerators.
Jefferson Laboratory (JLab) currently uses a DC-field photoelectron gun to
operate their free electron laser (FEL). The initial design and a POISSON simulation
showing the E-fields of the 500 kV DC-field photoelectron gun is seen in Figures 1.2.4
This simulation assumes that all parts are smooth. The GaAs photocathode sits in an 8”
diameter, stainless steel ball that is supported by a 3” diameter, 33” long stainless steel
tube. The highest electric field (12.4 MV/m) occurs on the section of the stainless steel
tube electrode sitting opposite a grounded metal ring.

To minimize unwanted field

emission, JLab uses high quality stainless steel (Vacuum Arc Remelt [VAR], cross
forged 304 stainless steel), which minimizes the amount of inherent surface defects. This
steel is then polished by hand to a 1 pm diamond paste surface finish using laborintensive procedures spanning several weeks.2,3

With this procedure, JLab has
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successfully attained 10 kW of tunable infrared light by operating their DC-field electron
gun at -350 kV.

However, excessive field emission from the stainless steel support

electrodes prevents operating at higher voltages. Since an operating voltage of -500 kV
is required to achieve the desired 1 kW ultraviolet light output, a surface treatment of
these large stainless steel electrodes is necessary to minimize their field emission.
Early small gap tests showed that implanting nitrogen ions into flat, 1 cm
diameter, polished stainless steel samples reduced the amount of field-emitted current.5
However, larger-gap tests performed on flat, 6” stainless steel test electrodes revealed
that implanting nitrogen into stainless steel actually increased field-emitted current, the
opposite of our original results. Later work demonstrated that implanting nitrogen while
co-depositing silicon dioxide onto the same flat, 6” stainless steel electrodes drastically
reduced the amount of field emission observed, even when held at higher electric fields.
These implanted and coated electrodes, hand-polished with 9 pm diamond paste, could
withstand 30 MV/m while yielding only 160 pA of emitted current (<25 pA at 15
9

ft

MV/m). ’ By comparison, a similar, unprocessed stainless steel electrode polished to a 1
pm surface finish could only withstand 15 MV/m, yielding a much higher emission
current of 27 x 106 pA (27 pA).2,6 The graphs showing these results are shown in Figure
1.3 and Figure 1.4. This latter procedure showed promise, but its effectiveness in coating
large, contoured substrates, like those used in electron guns, was still unqualified.
In order to coat the large, stainless steel support tube (3” diameter, 32” long) of
the DC-field photoelectron gun, the 23” diameter cylindrical chamber was modified to
accept to long tube. A 10” diameter, 30” side chamber was attached to the original
chamber to house part of the tube during the coating process. Though many attempts to
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coat test stainless steel tubes were made, none were successful. Numerous arcs occurred
during the coating process, and most of these arcs were on the portion of the tube located
where the sidearm attached to the chamber. An arc causes a micro explosion, resulting in
the coating being ruptured, metal splatter, and thermal degradation of the surrounding
region. A typical arc is seen in Figure 1.5. By severely damaging the deposited layer,
arcs cause unpredictable, unrepeatable, and unreliable electrical performance; thus, arcs
on coated high voltage structures are unacceptable.
The primary motivation of this dissertation was the development of a processing
technique that shall improve the power, stability, and lifetime of DC-field photoelectron
guns of JLab and other high voltage electrode structures by uniformly depositing an arcfree, field emission suppression coating onto the large, 3-D, stainless steel electrodes.
Due to the “Total Voltage Effect” - the non-linear relationship between voltage, gap, and
breakdown E-field - full-scale high voltage tests in a gun assembly are required to
determine the ultimate effectiveness of the field emission suppression coating.
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Figure 1.1
A Typical DC-Field Photoelectron Gun
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A typical DC-field photoelectron with its parts labeled.4 Photoelectrons are injected into
the accelerator ring through the laser illumination of the cesiated-GaAs wafer, which is
mounted on the cathode stalk through the ball cathode.
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Figure 1.2
E-Field Map of a 500 kV DC-Field Photoelectron Gun
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eA schematic of the DC-field photoelectron gun assembly used for the free electron laser
at Thomas Jefferson National Accelerator Facility.4 The numbers are electric field
strengths determined by POISSON simulations for an operating voltage of -500kV. The
simulation assumes that all surfaces are smooth. The highest electric field is 12.4 MV/m,
which occurs on the stainless steel support tube opposite a grounded stainless steel ring.
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Figure 1.3
Field Emission Results from 6” Electrodes
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High voltage field emission results of flat, 6” diameter, electrodes. ’ A bare stainless
steel electrode, polished with 1 pm diamond paste, emits 27 x 106 pA (27 pA) of current
at 15 MV/m. The field emission results from an electrode coated with nitrogenimplanted silicon oxynitride exhibits minimal electron emission at this scale. At 15
MV/m, the coated electrode exhibits < 25 pA of field-emitted current.
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Figure 1.4
Field Emission Results of a N 2 -Implanted Silicon Oxynitride-Coated Electrode

Field Emission Results
I vs. E

N2-SiON

E (MV/m
High voltage field emission results of a flat, 6” diameter, stainless steel electrode coated
with nitrogen-implanted silicon oxynitride.2,6 Although the electrode was initially
polished with 9 pm diamond paste, it emits 167 pA of current at 30 MV/m. This value is
five orders of magnitude less than uncoated stainless steel even at E-fields twice as large.
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Figure 1.5
200X Microscope Image of a Typical Arc

A typical arc seen on large, 3-D electrodes coated with nitrogen-implanted silicon
oxynitride. The damaged zone extends over 500 pm in diameter.
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1.1.2

Low Voltage Applications: Alternative to Silicon Dioxide
Although our primary motivation for creating silicon oxynitride coatings is for

suppressing field emission in high voltage structures, many other groups have studied
silicon oxynitride to replace silicon dioxide in the semiconductor industry as the gate
n

i c

dielectrics, field dielectrics, passivation layers, etc. "

Currently silicon dioxide is the

primary material used in the semiconductor industry as an insulator due to its high
thermal stability, low capacitance, low stress even with applied voltage, and compatibility
with silicon wafer processing techniques. However, as silicon wafer processing advances
into nanometer-scale dimensions, the need for a better insulating dielectric than silicon
dioxide has developed. Silicon oxynitride has the potential to immediately fill this niche
because it is a stronger dielectric and requires similar processing methods currently used
with silicon dioxide.

1.2

Field Emission

1.2.1

History
Field emission is defined as the release of electrons due to electrostatic fields.16

In the classical picture of field emission, large electric fields reduce and thin the potential
barrier determined by the work function, thereby allowing electrons to tunnel from a
metal to vacuum. An illustration of this effect is seen in Figure 1.6. According to the
Fowler-Nordheim (FN) picture, electric field strengths larger than GV/m are required to
produce microamp levels of current.

However, experimentally, relatively large

(microamp) currents have been observed at electric fields as low as a few MV/m. A
modified FN theory has been introduced to compensate for these variations by including
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a local field enhancement factor due to surface topography, p. The modified FN equation
describes field emission using two material variables, a and p,
J=

(C /a ) (fiE2) exp [-(B cf/2) / (fiE)],

where J (A/m2) is the field emission current density, a is the work function of the
material, F is the applied electric field, /? is the geometric enhancement of the electric
field due to roughness or surface features, and B and C are constants.17 Since the applied
electric field is inherent to geometry, the modified theory suggests that there are two
main ways to control field emission from homogeneous material: maintain a known
surface roughness, or treat the surface to control the work function.
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Figure 1.6

Illustration of the Field Emission Mechanism from a Metal Surface

IT

—Ei > —Eg
The standard field emission model shows electrons tunneling through a potential barrier
1 ft
of height, cp. The resulting field emission energy distribution is shown on the right.
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1.2.2

Substrate Surface Roughness
According to the FN-theory, geometrical enhancements of the electrical field due

to surface roughness can lower the breakdown electric field. Although hand-polishing
electrodes used in JLab’s DC-field photoelectron gun can sufficiently reduce field
emission at -350 kV operation voltages by decreasing their surface roughness, polished
surfaces cannot adequately suppress field emission at -500 kV operating voltages.
However, by depositing a silicon oxynitride layer on the stainless steel to suppress field
emission, the top surface becomes insulating and substrate roughness becomes less
important. This hypothesis was successfully tested on small samples polished to varying
degrees.
Five Vacuum Arc Remelt (VAR), crossforged 304 stainless steel disks (3.1 cm
diameter, 0.2 cm thick) were polished to different surface finishes with 15 pm (600 grit)
SiC paper and 9 pm, 6 pm, 3 pm, and 1 pm diamond paste. After cleaning the five disks
using a JLab qualified procedure including degreaser soap, deionized water, acetone, and
methanol, the roughness of these samples were non-destructively measured using a
Nanoscope IV atomic force microscope (AFM). Manufactured by Digital Instruments,
the AFM has a lateral resolution of 2-10 nm and a height (z) resolution of 0.1 nm. Then,
the field emission properties of each sample were determined using a DC Scanning Field
Emission Microscope (SFEM).19 The SFEM notes the location of each emission site that
produces 2 nA of emitted electron current and the applied voltage required to produce
this threshold current. The electric field strength required for 2 nA of current can be
easily calculated by E = V / d, where E is the electric field strength, V is the applied
voltage, and d is the distance between the anode and the sample, in this case 200 pm. A
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complete description of this instrument can be found elsewhere.

90

«

After coating the five

stainless disks with a nitrogen-implanted silicon oxynitride coating, the surface roughness
and field emission suppression properties were again measured using the AFM and
SFEM, respectively.
As we hypothesized, roughness did affect field emission from uncoated samples
but had little effect on disks coated with nitrogen-implanted silicon oxynitride. As the
surface roughness increased, the uncoated stainless steel samples possessed more field
emission sites, ranging from over 300 emission sites on the sample polished with 15 pm
SiC paper to 12 sites on the sample polished with 1 pm diamond paste. Flowever, after
depositing nitrogen-implanted silicon oxynitride, the number of emission sites decreased
from 0 to 5 sites on all the disks while the E-fields increased by at least three times to
generate these sites to generate these sites. Figure 1.7 shows a representative SFEM scans
both before and after coating the polished disks. Table 1.1 shows the roughness results,
and Table 1.2 shows the corresponding field emission results.

Despite the original

surface polish, all the coated stainless samples displayed exceptional field emission
suppression performance. Thus, another advantage to coating the stainless electrodes
used in JLab’s DC-field photoelectron gun may be the elimination of labor-intensive
polishing, thereby saving both time and money.
By eliminating roughness as a variable determining field emission from coated
stainless steel, the studies in this dissertation are focused to investigate the properties of
the silicon oxynitride layer itself.
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TABLE 1.1
Surface Roughness Before and After N 2 -Implanted Silicon Oxynitride Coating
Surface Polish
1 pm diamond
3 pm diamond
6 pm diamond
9 pm diamond
15 pm SiC
paper

Roughness before
deposition (nm)
3.7 ±0.5
5.8 ±0.5
8.6 ±2.4
24.6 ±4.8

Roughness after
deposition (nm)
5.6 ± 1.4
6.3 ± 1.6
4.9 ± 1.2
6.6 ±2.0

64.2 ± 28.3

47.2 ± 11.4

Measurements of the surface roughness (Ra) over 5 pm x 5 pm areas, averaged over
three scans taken with an AFM. The error of the average roughness was defined to
include the high and low values. Within the listed errors, the surface finish of all the
samples was maintained after being coated except for the disk polished with 9 pm
diamond paste, which was further smoothed.
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TABLE 1.2
Number of Emission Sites with their Threshold E-fields
Before and After N 2 -Implanted Silicon Oxynitride Coating

Surface Polish
1 pm diamond
3 pm diamond
6 pm diamond
9 pm diamond
15 pm SiC paper

# of sites
(before)
12
25
-50
-60
>300

Threshold E-fields
(before deposition)
32 - 60 MV/m
28 - 54 MV/m
30 - 60 MV/m
20 - 42 MV/m
11 - 3 5 MV/m

# of sites
(after)
2
5
0
3
2

Threshold E-fields
(after deposition)
115, 135 MV/m
7 5 - 150 MV/m
>175 MV/m
8 0 - 158.5 MV/m
89, 96 MV/m

SFEM measurements determined the number of emission sites and the corresponding
threshold electric fields required to generate 2 nA of field-emitted current. The scans
were taken of polished stainless steel samples both before and after being coated with
nitrogen-implanted silicon oxynitride. The coating not only drastically reduced the
number of emission sites, but the E-fields required to generate 2 nA of current also
increased by at least a factor of 3.
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Figure 1.7
Field Emission Maps Taken of Polished Stainless Steel
Before and After Being Coated With N 2 -Implanted Silicon Oxynitride
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Field emission scan maps taken from stainless steel disks polished with 600 grit
SiC paper, 9 pm diamond paste, and 1 pm diamond paste. Each peak represents an
emission site where a threshold current of 2 nA is measured. The left map (a) is taken of
the stainless steel disk before being coated, and the right map (b) is the same stainless
disk after being coated nitrogen-implanted silicon oxynitride 0.25 pm thick. After being
coated, the number of emission sites decreases from >300 to 2 for the sample polished
with 600 grit SiC paper, from -60 to 3 for the sample polished with 9 pm diamond paste,
and from 12 to 1 for the sample polished with 1 pm diamond paste. The electric fields
required to attain 2 nA of field emitted current is four times as large on the coated
stainless disk compared to the uncoated stainless disk.
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1.3

Scope and Organization of Dissertation
The purpose of this work is to study the field emission suppression coatings used

in high voltage applications. This dissertation presents a novel deposition procedure that
uses an RF plasma-based reactive sputtering process and compares the compositional and
electrical properties of the resulting coating to those of the previous ion-implanted
coating. Although both coatings suppress field emission comparably from flat stainless
steel electrodes, only the coating produced via the new deposition procedure does not
generate arcs, making it more viable as a surface treatment for the large, 3-D electrodes
used in DC-field photoelectron guns.
Chapter 2 provides a background and history of field emission and some
models used to describe electron emission from dielectric surfaces. It also presents an
overview of all the characterization techniques used.
Chapter 3 introduces the RF plasma system and its associated components. It
describes the RF plasma-based reactive sputtering procedure and qualifies the
stoichiometry control.
Chapter 4 compares the compositional, bonding, and density differences between
the ion implanted and reactively sputtered field emission suppression coatings; it also
compares the electrical properties between silicon oxynitride coatings produced by these
procedures. TRIM simulations and thermodynamic mechanisms are proposed to explain
how nitrogen implantation changes the composition of the silicon oxynitride coating.
Chapter 5 presents a model of electron emission from our deposited silicon
oxynitride coatings, and the model is validated using experimental results from high
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voltage tests of coated, flat, 6” diameter, stainless steel electrodes. The dissertation is
concluded by presenting possible future directions of this research project.
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CHAPTER 2
Theories of Electron Emission and
Introduction to Characterization Techniques

Part I. Theories of Electron Emission: History, Basics, and Background

The discovery of the electron by J. J. Thompson and the observation of electron
emission from metals were both observed in the late 19th century when scientists were
investigating the nature of electricity using cathode ray tubes. Thompson’s “raisins-inpudding” understanding of the electron in an atom was modified a few years later by
Rutherford, who determined that electrons existed in energy levels surrounding a
positively charged nucleus. Since electrons in metals are shared between all atoms and
cannot be isolated to one atom, they are called “free electrons.” These electrons are
confined to the surface of the metal by the work function, a step potential energy barrier.
Classically, the only way emit electrons is to provide enough energy to overcome the
potential barrier. However, quantum mechanics predicts tunneling through a barrier is
also possible.
The process of field emission, the release of electrons from a surface due to
applied electrostatic fields,1 confirmed tunneling processes predicted by the theory of
quantum mechanics. Applying high electric fields to a metal surface reduces and narrows
the potential barrier determined by the work function, thereby increasing the probability

22
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of electrons passing over (i.e. Schottky effect) or penetrating through the barrier. By
convention, field emission is limited to those electrons that tunnel through the potential
barrier.

2.1

Fowler-Nordheim Theory of Field Emission from Metal Surfaces
In 1928 Fowler and Nordheim quantitatively derived an expression modeling field

emission from metal surfaces, and a rigorous derivation is covered by Gomer.1 They
began with the simple equation that emitted current is proportional to the number of
electrons at the surface and the probability of tunneling through the barrier, J =
N(e) *P(e). Since electron density is independent of position in metals, i.e. free electrons,
N(e) is determined by applying Fermi-Dirac statistics, and P(e) is calculated from the

Schrodinger equation using the Wentzel, Kramers, Brillouin (WKB) approximation and
trigonal potential barrier.1 An illustration of this model can be seen in Figure 1.6. The
modified FN equation describes field emission using two material variables, <Dand P,
J = [e3/ ( 8 7i 0 h 12(y) ) ] (F2) exp [-(8 n (2m)m 0 3/2) / (3 h e F) v(y)],
■j

where J (A/m ) is the field emission current density, e and m are the charge and mass of
-j

the electron, h is Planck’s constant, and 0 is the work function of the material. The ratio
between the local electric field at the emission site, F, and the total applied voltage, V, is
defined as the electric field enhancement factor, J3, so that F = (3V / d . fi (>1) depends
on the local topography, i.e. roughness or surface features, of the emission site, and d is
the distance between the anode and cathode.
t(y), are generally approximated to be one.

'j

The Nordheim elliptic functions, v(y) and

Using standard S.I. units except for 0 , which

remains in eV, the Fowler-Nordheim equation can be simplified to
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J = [B / & ] (F2) exp [-C 0 3/2 / F ],
where the constants B = 1.54 x 10"6 and C = 6.83 x 109.3,4 Thus, Fowler-Nordheim theory
suggests that there are two main ways to control field emission from homogeneous metal:
maintain a known surface roughness (P), or treat the surface to modify the work function
(<D).

Field emission data is often presented in a Fowler-Nordheim plot, where In [ J /
(V/d)2] is plotted versus d / V. The plot usually results in a straight line with a slope,
m =[-(C<P3/2) / m
and an intercept,
b = ln[(B [?/& )].
From these equations, the field-enhancement value, P, and the work function, <D, can be
calculated.
It should be stated that Fowler-Nordheim theory was originally derived for flat,
metallic, surfaces. Others have modified the original equation to expand its applications
to consider higher-order terms,5 other electrode geometries,6 and semiconductors.7
Despite over 75 years of testing and scrutiny, the Fowler-Nordheim theory is still the
most widely recognized and accepted model describing field emission from metal
surfaces.

2.2

Electron Emission from Dielectrics
Although Fowler-Nordheim (FN) theory has successfully modeled field emission

from metal surfaces, no theory has been accepted describing field emission or electron
emission from insulating surfaces.

Beginning in the 1960’s, numerous groups have
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studied field emission from insulators to better understand high voltage breakdown, 8"11 to
•

develop theories of electron emission from metal-insulator composites,12’13 and more
recently to develop high-brightness devices using novel field-emitting materials.14"20
Within the literature there are three main categories describing electron emission from or
through dielectrics: suppressing field emission using dielectric layers,4’8’10’21 enhancing
•

field emission from insulating surfaces,

19 9 0 9 9 99

’ ’ ‘ and monitoring high-voltage breakdown

in metal-insulator-vacuum (MIV) or metal-insulator-semiconductor (MIS) “triple-point”
junctions.

2.2.1

Field Emission Suppression Using Dielectrics
The idea of using a dielectric layer to suppress electron emission began in the

1960’s when the primary motivation was the reduction of field emission power losses in
superconducting cavities. Two different premises of arose from this initiative. The first
was developed by Martens’s and Kneisel’s research groups, who showed that oxidizing
the surface of niobium cavities produced a protective NbiOs dielectric layer
approximately 300-500 A thick.24’25 They presumed that this protective layer reduced
electron emission by oxidizing sharp protrusions, minimizing their ability to enhance
electric fields. Current practices also employ a similar technique where the surfaces of
niobium superconducting cavities are electropolished leaving a smoother surface with a
stable oxide layer.26
Another idea was also introduced at this time. Garwin and Rabinowitz proposed
that coating superconducting cavities with a separate dielectric layer would reduce field
Q 1A

emission and provide a protective barrier from exposure to atmospheric conditions. ’
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They also referred to Jedynak’s work that showed that coating cathodes with a 2000

A

thick dielectric film increased the breakdown voltage by almost a factor of two.

27

Jedynak, Powell, Sayag, and Frazier worked to study the effects of insulating layers on
broad-area electrodes. Jedynak studied numerous dielectric coatings (e.g. MgF2 , Mylar
tape, epoxy, etc.) and found that emission current was reduced by 2-3 orders of
magnitude from some coated stainless steel and aluminum cathodes under an operating
pressure of 10"6 Torr.27 Working at 10’4 Torr, Frazier also observed suppressed electron
emission from dielectric coatings.

98

Powell’s research groups determined that the oxide

layer created by anodizing the surface of aluminum cathode suppressed electron emission
C

at 10‘ Torr, while Sayag’s group determined that anodized niobium cathodes suppressed
field emission at 10'8 Torr.29 However, comparing the results from each of these groups
becomes complicated since the particular electron emission process (i.e. field emission,
Schottky emission, thermionic emission, etc.) cannot be identified due to a wide range of
experimental parameters and vacuum levels from 10‘4 - 10'8 Torr.(Noer) Although most
of these experiments were not performed using RF-fields, the great potential advantages
of coatings were noted.

2.2.2

Electron Emission From Dielectric Surfaces
Although most metals possess a native metal oxide 10 - 1000

A thick, the effects

of this oxide layer are often ignored since FN-theory can adequately absorb the error into
an apparent or effective (3 that still represents the metallic layer to some degree.
However, as the thickness of an insulating surface layer increases, its effects on field
emission become more pronounced and therefore cannot be ignored. The recent demand
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for high-brightness electron sources skyrocketed along with field emission research of
various materials and coatings. Dielectric layers were also investigated as potential fieldemitting materials that could increase electron emission, stability, and lifetime of single
tips and tip arrays.

A simplified diagram showing the mechanism of field emission

through a thin insulator is shown in Figure 2.1.

Several geometries using dielectric

materials as electron sources are possible, shown in Figure 2.2, but Zhirnov’s group
determined that sharp, conductive tips with dielectric coatings produce the largest
emission current density at the lowest tum-on voltage.19
Electron emission from thin dielectric coatings has been interpreted using electric
field penetration through the dielectric to the metal interface.

Several groups have

proposed different models to explain the observed current, but the scientific community
has not agreed upon one model. For example, in 1979 Hurley proposed that electrons
penetrated through insulating surface layers along defects resulting in “filaments” of
current.30 This idea was further developed by Latham and Bayliss who proposed the “hot
electron “ model describing electron emission. ’
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Figure 2.1
Illustration of the Field Emission Mechanism Through a Thin Insulator

T
X

metal

insulator vacuum

In this simplified band diagram, an emitted electron must tunnel into the conduction band
of the insulator and tunnel through the potential barrier caused by the electron affinity of
the insulator.2
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Figure 2.2
Potential Cathode Geometries for Dielectric Emission

ft

b

c

Three possible geometries for electron emission from dielectric surfaces: a) flat dielectric
layer on a conductive substrate, b) pointed dielectric on a conductive substrate, and c)
dielectric-coated conductive tips.19 Conductive tips coated with dielectrics exhibit higher
uniformity and produce higher current densities at lower electric fields.
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2.2.2.1 Theory of Hot Electron Emission
The hot electron emission mechanism is essentially a thermionic process whereby
hot electrons have enough energy to overcome a field-lowered potential barrier. The
* determined
•
electron energy or temperature is
by the voltage drop across the insulator. 12’31
At certain locations, electrons from the metal travel through a conductive “channel” and
across the empty conduction band of the insulator to the surface of the dielectric where
they accumulate until they have enough energy to overcome the surface potential barrier
determined by the electron affinity of the dielectric.

Quantitatively, the equation

governing electron emission resembles the Richardson-Dushman equation governing
thermionic emission; the current from a given channel area {a = rc2) can be expressed as
/ = a A T 2 exp[(-e / J / ( k T e)J ,
where A is the Richardson constant, e is the fundamental charge of an electron, %is the
electron affinity of the dielectric, and h is the Boltzmann constant. The temperature of
the electrons (Te) is given by
Te = 2 e A V / 3 k ,
where A V is the potential drop across the dielectric layer,
A V = C (d /(rm + d)) ( V / s r),
given in terms of the thickness of the dielectric (d), the dielectric constant (sr), the radius
of the metal emitter site (rm), and a scaling constant (C). ’ ’
Plugging the electron temperature equation and the potential drop equation back
into the electron current equation yields an equation similar in form to the FowlerNordheim equation.
I --=aA [(2 eCd) / ( 3ker (rm + d ) ) f V 2 exp[((-3erx(rm + d)) /(2Cd)) (1/V)]
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This “hot electron” equation has adequately described electron emission from one
0 1'y 1TT1
metallic emission site that has been coated with an insulating layer. ’ ’ ’ Extending

this equation to large area electrodes becomes difficult since there are numerous emission
sites possessing varying diameters.

2.22.2 Field Emission from Negative Electron Affinity Coatings

Recently, the need to develop stable, low-voltage, high-brightness devices has led
to the study of novel field-emitting materials.

The investigation of diamond-coated

emitters as potential electron sources for use in flat panel displays and high-brightness
devices began in 1991 when Geis et al. measured favorable field emission properties
from C-implanted diamond surfaces.23,32 For gated diamond field emission cathodes,
Geis measured low turn-on E-fields (< 1 V / pm) with high current density and stability
(+/- 2.5 % rms over 8 hours).33'37 These values stimulated many research groups to
further investigate diamond film materials.
Diamond has several unique properties, which may help explain its impressive
field emission performance. First and foremost, diamond possesses a negative electron
affinity in its (11 l)-oriented surface.33,36 The effect of having a negative electron affinity
surface can be seen in Figure 2.3.19 In positive electron affinity materials, electron
emission occurs by electrons first tunneling from the metal into the conduction band of
the dielectric layer, then traveling from the metal-dielectric interface to the dielectricvacuum surface, and finally overcoming the potential energy barrier associated with the
electron affinity of the insulating layer. A negative electron affinity material eliminates
the third step since all electrons at the surface already possess enough energy to
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overcome the energy barrier. The negative electron affinity of diamond provides for
higher efficiency electron emission at lower operating voltages.

1R

Diamond also has other properties that prove useful to high-brightness, electron
emission devices.

Diamond itself is chemically inert reducing effects caused by

contaminants and adsorbates.17-19 Diamond films are relatively rough as seen in Figure
2.4.17 The added roughness provides an increase in total electron emission by drastically
increasing the surface area. Diamond can also withstand electrical fields as high as 109
V/m without breakdown, permitting operation in high power applications.18 Diamond
has higher electron mobility (2.0 x 103 cm2/V s) and thermal conductivity (20 W/cm °C)
-2

O

compared to silicon (1.5 x 10 cm /V s, 1.5 W/cm °C), which supports higher emission
currents since excess heat can be dissipated across the film.17-19
Despite all these advantages, diamond films and other negative electron affinity
materials, including c-BN and AIN, still have not been implemented into field emission
devices. Several issues have plagued their development, but the primary limitation is the
high gate current.

Other issues stem from impurities occurring during the diamond

deposition procedure. Simulations show that measured electron emission is drastically
greater than what is predicted from grain boundaries.14,15 Thus, significant impurities and
dangling bonds must exist within diamond film itself. Devices also exhibit uniformity
and reproducibility concerns.
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Figure 2.3
Illustration of Electron Emission from a Negative Electron Affinity Surface
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In this simplified band diagram, an emitted electron must first tunnel into the conduction
band of the dielectric (or wide band-gap material, WGBM) before it can be released from
the negative electron affinity surface.19
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Figure 2.4
SEM Micrographs of Diamond-Coated Molybdenum Field Emitters

fa)

<b)

SEM micrographs of molybdenum field-emitting tips (a) before and (b) after diamond
coatings.17 The scale for these micrographs is 5 mm = 100 nm. The diamond coating
drastically increases the electric field enhancement due to its roughness.
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2.2.2.3 Dielectrics as Protective Layers on Field Emission Sources
Since thin insulating layers do not significantly interfere with electron emission,
several groups have used a thin dielectric film as a protective layer over the electron
source. The dielectric coating increases surface area surrounding a conductive tip or tip
array, allowing heat to radiate without damaging the shape of the tip(s). The coating
would also shield the tip(s) from back-ion bombardment and potential arcs.

These

dielectric films needed to be thin enough (<1 pm) so that they would not significantly
reduce field emission by limiting the number of electrons at the insulating surface, and
yet thick enough to be robust.13
Mousa and Hibbert determined a method of producing glass emitters possessing
an internal conductive coating.

1'j

Capillary tubes were filled with silverdag, a metal

possessing a melting point lower than borosilicate glass, and then pulled apart in a
furnace. The resulting two capillaries possessed a fine point, microns in radius.

These

glass-coated emitters produced stable electron emission, and the hot electron model was
used to explain its performance. However, in order to achieve any electron emission,
higher voltages were required, ten times larger than those used for metal tips.13
Latham and Mousa showed that despite requiring higher voltages, some insulatorcoated metal emitters could actually increase field emission. Their tungsten emitters
coated with an insulating epoxy resin displayed better field emission performance than
uncoated tungsten tips.12 These epoxy-coated tungsten emitters produced a brighter,
more focused beam at a given emission current as shown in Figure 2.5.
•

After
•

conditioning, they also exhibited lower threshold emission fields and longer lifetimes.
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These type of emission sites have also been determined by Latham to cause breakdown in
Q 19 TR

high voltage vacuum insulation. ’ ’

Figure 2.5
Electron Emission Images of a Tungsten Tip Before and After Dielectric Coating

—

........

Electron emission images on a phosphor screen of a clean tungsten field emitter (a)
before and (b) after being coated with 150 nm of insulating resin.12 Both images have the
same emission current of 4.5 pA. The resin-coated emitter produced a brighter and more
focused emission beam.
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2.3

Summary of Electron Emission
The phenomenon of electron emission from the surface of materials has been

extensively researched for the past century. Although field emission from metal surfaces
has been adequately described by Fowler-Nordheim, electron emission from dielectrics
has proven to be more complicated with variables including crystal structure, electron
affinity, electron mobility, band gap, and electrical resistivity. Despite the material, most
electron emission data still is proportional to V2 exp (1/V) as anticipated by both the field
emission model using the Fowler-Nordeim equation and the hot-electron emission model.
After examining the work of others, a “good” field emission suppression layer should be
a dielectric layer that has a very high resistivity, which minimizes the electron supply at
the surface, a large band gap, which decreases the probability of electrons populating the
conduction band, and a high electron affinity, which acts as the surface potential barrier
for the dielectric layer.

Part II: Characterization Techniques Background

Several characterization techniques were used to compare the composition,
bonding, density, and electrical properties of the silicon oxynitride coatings produced by
ion implantation/deposition and reactive sputtering. This section provides an overview of
each technique.
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2.4

X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS), sometimes called electron spectroscopy

for chemical analysis (ESCA), is a surface-sensitive characterization technique that
determines the elemental composition and the chemical bonding of a material in an ultrahigh vacuum (UHV) environment. This technique can provide elemental analysis to 1%
sensitivity, accurately probing 3 - 5 nm into the sample;

however, it cannot detect

helium or hydrogen. Distinguishing bonds is limited by the detector, which usually has a
fixed energy resolution o f 0.25 - 0.5 eV.39,40
The premise o f XPS relies on the photoelectric effect, a phenomenon described in
the early 1900’s by Einstein.41 The basis of its operation is shown in Figure 2.6.
Monoenergetic X-rays irradiate a material, thereby ejecting an inner electron. The kinetic
energy of the ejected photoelectron is determined by its binding energy and the energy of
the X-ray, shown in the equation,
KE = h v - BE
where KE is the kinetic energy of the emitted electron, hv is the energy of the X-ray
source, and BE is the binding energy of the electron in the atom.39'41

Since the

wavelength, energy, of the X-ray is known, the binding energy of the electron in that
atom can be determined by measuring the kinetic energy of the ejected photoelectron.
The binding energy of an electron is defined as the energy needed to remove the electron
from its atom and is determined by the energy level of its atomic orbital below the Fermi
level, 0 energy. Small shifts in the binding energies result from chemical bonds, which
slightly alter the energy levels of the atomic orbitals in that element.40,41 And, each
energy level has a different probability of electron emission, defined as the ionization
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cross-section.41,42 Schematically, the energy levels and corresponding ionization crosssection of a uranium atom is shown in Figure 2.7. Since each element has a unique set
energy levels established by its atomic orbitals, XPS can determine the elemental
composition and chemical bonding of a material by measuring the shifts in the binding
energy spectrum.
In practice, there are two different, commercially available, monoenergetic X-ray
sources, a magnesium source (Mg Ka 1253.6 eV) and an aluminum source (A1 Ka
1486.7 eV).42 The ejected photoelectrons are detected by an analyzer, in our case a
hemispherical detector, through an energy window.

In order to maintain a constant

energy resolution, the energy window allows electrons within a certain energy range,
called the pass energy, to enter the detector.42

The ion lens system before the

hemispherical analyzer accelerates the electrons. The analyzer directs the electrons with
the selected energy range to a channeltron, which multiplies the signal before it is
counted.
Since over 90% of the detected photoelectrons arise from the first few layers of a
sample,

39

•

XPS is a surface sensitive technique. The probability of electrons escaping

from below this depth is low.

These electrons collide with other atoms during their

potential escape, causing them to lose energy.

This inelastic scattering process is

exponential with depth; the number of photoelectrons escaping without energy losses is
represented by the following equation:
_

j

[-d/(Xe sind)]

where 0 is the angle of electron emission, d/sin 6 is the distance traveled through the solid,
Ae is the inelastic mean free path, Ia is the total number of electrons originating at depth,
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d, and Id is the total number of photoelectrons ejected without energy losses.

•2Q

The mean

free path has been empirically determined and is a function of the sample itself and the
kinetic energy of the photoelectron.39,41
The primary limitation of XPS is charging of the sample surface. Since insulating
materials cannot readily replenish the ejected electrons, the surface charges positively,
giving rise electrostatic Coulomb interactions that restricts further photoelectron
emission. This phenomenon gives rise to energy shifts of the entire spectrum. There are
many practices used to minimize charging. The simplest solution for small energy shifts
in top-surface-conductive samples is to ground the surface to its metal mount using silver
paste. Another method is to assume a uniform charging shift across the entire spectrum
and account for it by calibrating against a standard reference peak, usually surface
adsorbed carbon43 However, non-uniform charging can also occur whereby certain
energies shift a different amount. In this case, since the locations of the peaks can be
shifted in varying amounts, an electron flood gun is used to charge neuralize surface
during and between each XPS scan.

The proper use of an electron flood gun is

complicated. Each sample can behave differently, and the surface of the sample can also
be charged negatively during its use. Usually several attempts are necessary to develop
an adequate charge neutralization procedure.
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Figure 2.6
Schematic of XPS Photoionization

hw = 1486.6eV
K.E.
—

0

This schematic illustrates the premise of XPS photoionziation; in this specific case, an
incoming X-ray photon ionizes a carbon atom by ejecting a Is electron.39
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Figure 2.7
Relative Binding Energies and Ionization Cross-Sections for Uranium
Fermi Level
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The binding energy is represented by the distance below the Fermi Level. The
probability for ionization, called the ionization cross-section, is proportional to the length
of the line at the respective binding energy level.42
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2.5

Auger Electron Spectroscopy
Auger electron spectroscopy (AES) is also a surface-sensitive characterization

technique that determines the elemental composition of a material in a UHV
environment.

This technique can provide elemental analysis to 0.1% sensitivity,

accurately probing 1 - 3 nm into the sample; 95% of the emitted electrons occur with in
the top 1.5 nm of the surface.

TO

However, similar to XPS, it cannot detect hydrogen or

helium. Elemental depth profiles can be determined by taking quantitative scans between
the removal of a few layers through argon ion sputtering.

There are methods to

determine bonding using this technique, but they are not employed in this work.40
The premise of AES is similar to that of XPS. Following the production of an
inner core vacancy by soft X-rays or electron bombardment, an electron from a higher
energy state relaxes into the core vacancy.39,40 This relaxation process generates energy
that causes the release of characteristic X-rays and the ejection of another electron, a
secondary electron. The final state of the atom has two electron vacancies. A simplified
schematic of this process can be seen in Figure 2.8 42 The kinetic energy of the emitted
secondary electron can be represented by the following equation
K E xyz = E x - E y - E z

where

K E xyz

is the kinetic energy of the ejected secondary electron, EK is the binding

energy of the vacancy, E l is the binding energy level of the electron that relaxed into the
vacancy, and E y is the binding energy of the emitted secondary electron.40 Each element
has a unique set of discrete energy levels (Ex, Ey, Ez), the kinetic energy of the ejected
secondary electron is element specific. The elemental concentration of a material can be
accurately determined by measuring the intensity of their respective peaks and adjusting
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them for the sensitivity factor of each element. The sensitivity factor takes into account
the probability secondary electron emission from an element without energy losses.
Thus, AES can quantitatively determine elemental concentrations.
In practice, similar hardware is used as in XPS. An X-ray source or an electron
gun generates the inner core vacancy, and a similar detector can be used. In the AES
work presented in this dissertation, we used a cylindrical mirror electron energy analyzer,
•

possessing a fixed energy resolution of 0.6% the peak energy.

91

Depth profiles were

taken by sputtering the surface with a 400-500 gm diameter, 3 keV argon ion beam,
rastered over a 2 mm x 2 mm area.

91

There are some limitations to AES and depth profiling with it.

The primary

limitation to AES are artifact peaks that result from unwanted interactions rather than the
release of secondary electrons.

Photoelectron peaks, ionization loss peaks, and plasmon

excitations can occur and must be distinguished as such to prevent improper
identification of the elements within sample. Usually these unwanted peaks occur at set
energies and certain intensities from the actual Auger line. The primary caution with
depth profiling is that the argon ion beam can preferentially sputter certain elements.
Thus, as the deeper layers are analyzed, the relative concentrations of atoms determined
by AES may not accurately represent the sample. These differences can be quantitatively
accounted for by calibrating against the sputtering profile of known compounds or
standards.
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Figure 2.8
Illustration of Auger Electron Emission
Auger electron

L2,3or2p

Li or 2s

Kor Is

Following a core vacancy, produced by photoionization or electron bombardment,
another electron relaxes into the vacancy releasing enough energy to eject another
electron (KL 2 3 L 2 3 ). This process results in two electron vacancies.42
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2.6

Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) is a characterization technique

that nondestructively determines the chemical bonding within a material in ambient or
vacuum conditions.

Usually its accuracy and precision is approximately 5% due to
•

•

sample-to-sample and environmental variations.

TQ

The practical difference between a

dispersive IR instrument and an FTIR is that in FTIR, the detector measures all the
wavelengths of light simultaneously, thereby completing a measurement within
seconds.40
In FTIR, infrared light (4000-200 cm’1) from a source is incident on a sample, and
the chemical bonds in the sample absorb certain characteristic wavelengths of the infrared
light.39,44 The resulting FTIR spectrum is the ratio of the initial laser intensity at each
wavelength to the intensity at each wavelength after interacting with the sample.

TO

Different bonds have different characteristic absorption wavelengths, which can then be
identified from the spectrum.39,40,44 There are many different hardware attachments and
procedures that allow materials of different forms, e.g. powders, films, mirrors, plastics,
etc., to be analyzed.39,40,44
Most FTIR measurements are used for qualitative identification of the chemical
bonds in a system as peaks from a spectrum are identified with a bonding table;39
however, FTIR can also be used qualitatively.

The corresponding peaks for each

chemical bond can be integrated and adjusted for their relative sensitivity, which results
from certain bonds absorbing more readily than others. The simple equation for this
process is
Aw = - log Tw = (ew) (b c)
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where Aw is the absorption intensity, Tw is the transmission intensity, b is the sample
thickness, and c is the concentration of chemical bonds absorbing the infrared light.39,44
In the work presented here, a Nexus 870 FTIR made by Thermo Nicolet was used
in single pass transmission to analyze silicon oxynitride coatings on top of the silicon
substrate.

Since the silicon substrate is infrared transparent, it does not absorb any

frequencies in this range or interfere in the measurements. A unique feature of silicon
oxynitride is that the chemical composition can accurately be determined by the location
of the assymmetric stretching mode of vibration relative to the same bands in silicon
dioxide and silicon nitride.45'48 Thus, we have used FTIR to determine the percentage of
Si-N content in the silicon oxynitride films from the location of their dominant oxynitride
absorption band.

2.7

Rutherford Backscattering Spectrometry
Rutherford backscattering spectrometry (RBS) is a UHV characterization

technique that nondestructively determine a quantitative depth profile, areal concentration
9
oq
measurements (atoms/cm ), and crystal quality.
To determine the actual film density,
the areal concentration is divided by the known thickness of the film, giving a film
■j

density (atoms/cm ). The depth resolution is approximately 20-30 nm, and the detection
limit is -0.01% for heavy (high Z) atoms to ~2% for light (low Z) atoms.
RBS is a collisional technique named after Lord Rutherford. Lord Rutherford
bombarded high-energy alpha particles (4He+) into a thin gold foil. Most of the time the
alpha particles went straight through the foil, but occasionally they bounced back. He
determined that alpha particles backscattered when they collided with a positively
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charged region, now known as the nucleus of an atom. In present-day RBS, high-energy
(1.5 - 2.5 MeV) helium or hydrogen ions are bombarded into a sample. Most of these
ions are implanted into the sample, but a few backscatter back out of the sample.40 An
illustration of this technique is shown in Figure 2.9. At any given angle, the energy of the
backscattered particle depends on the energy lost during the collision due to the transfer
of momentum and the energy lost as the particle is traveling through the material.39 For a
fixed angle, the number of backscattered particles is plotted against their energy. The
kinematic factor is defined as the ratio of the particle backscattered energy to its incident
energy and is shown here39
K = [([1 - ((M,/M2) sind)2] 05 + (M]/M2)cos8) / (1 + (Mj/M2))]2
Where Mi is the mass of the incident particle, M2 is the mass of the target atom and 0 is
the angle between the trajectory of the particle before and after scattering.
Since backscattered particles from deeper layers have less energy than from
surface layers assuming the same collisional element, RBS can also be used to determine
the layer thickness and depth profiling. The number of particles backscattered from a
target atom into a set solid angle is related to the number of incident particles and the
'y

differential scattering cross section, which is proportional to the Z where Z is the atomic
number of the target element. So, although RBS is more sensitive to heavy elements, it
has better resolution for lighter elements.39 However, in our 600 nm thick silicon
oxynitride films, the nitrogen and oxygen atomic concentrations are very difficult to
resolve since the substrate is silicon, and the backscattered silicon ions interfere with the
measurement. To better resolve the oxygen to nitrogen ratio in our silicon oxynitride
films, a beryllium substrate could be used.
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Figure 2.9
Schematic of Rutherford Backscattering Spectrometry Setup
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In RBS, probing particles lose energy due to momentum transfers from collisions and
permeation into the solid sample both upon entering and exiting the sample following a
39
scattering process.
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2.8

Elastic Recoil Detection Analysis
Elastic recoil detection analysis (ERDA), or elasic recoil detection40 or elastic

recoil spectrometry,39 is a UHV characterization technique specifically used to detect
hydrogen in surface layers. It can quickly and nondestructively determine trace levels of
hydrogen (0.01%) in films up to 1 pm thick. In principle, it is similar to Rutherford
backscattering spectrometry.

High-energy helium ions bombard into the sample;

however, rather than collecting the backscattered helium ions, the recoiling hydrogen
ions are collected.

Thus, the angle between the incident ion beam and the ejected

hydrogen ions is usually between 10-30° rather than 140-180°, the range of backscattered
angles used in RBS.39,40 A thin foil of Mylar or aluminum is placed over the detector to
block any scattered helium ions while allowing hydrogen ions to penetrate with an energy
loss of 250 keV.39
A schematic of the ERDA geometry is shown in Figure 2.10. In the idealized
case, the surface scattering ratio, the kinematic factor (K ’), is given by the following
equation
K ’ = E2/E j = (4 M j M 2 cos2(p) / (Mj +M2) 2
where Mj and Ei are the mass and energy of the incident ion, M2 and E2 are the mass and
energy of the recoiling hydrogen, and cp is the angle of recoil with respect to the incident
particle beam.

•5Q

The hydrogen energy at the detector is slightly less due to the thickness

of the foil and its “stopping power” for hydrogen. However, in a thin film, there are
energy losses to both the incident helium ions and the exiting hydrogen ions due to
collisions. Taking these effects into consideration, the depth, t, of a recoiling collision
can be calculated from
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t = (E2 - K ’E}) [(K ’Si /s in a) + (K ’S2 /sin p ) f
where S] and S2 are the energy stopping powers within the film for helium and
hydrogen.

With this equation, a depth can be associated with the energy of the

hydrogen recoil ions giving a concentration of hydrogen as a function of depth.

Figure 2.10
Schematic of Elastic Recoil Detection Analysis Scattering Process

-obs

High energy helium ions (1-2 MeV He+) bombard into the sample causing hydrogen ions
to recoil from the sample. The detected energies of the scattered hydrogen ions are
proportional to the depth of the hydrogen concentration.39
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2.9

Current-Voltage / Capacitance-Voltage Measurements
The electrical properties of deposited dielectric films can be characterized using

current-voltage and capacitance-voltage measurements. A series of aluminum or copper
dots are deposited using onto the top surface of the dielectric to created a parallel plate
capacitor with the substrate acting as the other plate. Since sputtering can cause damage
to the sample due to the energy of the sputtered species, a physical vapor deposition
(PDV) process is used using a shadow mask. The back side of the sample is grounded to
the power supply.
To make current-voltage measurements, a probe attached to a DC power supply is
placed on a metal dot. The voltage is ramped positively and negatively while the leakage
current to and from the back side of the sample is monitored. If the plot of current versus
voltage is linear, then the dielectric is ohmic, and a leakage resistance can be calculated.
The resistivity of the coating can also be determined if the thickness of the dielectric is
known. The procedure is repeated for all the metal dots to assure coating uniformity and
accuracy o f the measurement.
To make capacitance-voltage measurements, a fixed voltage is applied to the
probe, and the capacitance is measure between the two contacts. Since
C = SrBoA / 1 = Q / V
where C is the measured capacitance, s0 is the permitivitty of free space, A is the area of
the metal dot, and t is the thickness of the dielectric, the dielectric constant of the coating,
er, can be determined along with the number of charge carriers, Q.49 To obtain accurate
C-V results, leakage current determined by current-voltage measurements must be
corrected for in the charge carrier term.
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Since the dielectric constant of a material usually decreases with frequency, an
AC voltage can also be applied to the probe and the frequency changed to determine
high-frequency and low-frequency dielectric properties. In an AC field, losses due to
molecular motion and relaxation can be introduced into the dielectric constant as a
complex number.50
sr = s ‘- j s “
The dissipation factor, or loss tangent, is then calculated by the equation50
tan d = e ”/ s ’.
In an ideal capacitor, the loss tangent equals zero; however, in actuality, the loss tangent
varies with the applied frequency but should be minimized.

The loss factor then

represents the modified dielectric constant of the material50
Loss factor = |e| tan S = e ”/ s ’.
Capacitance-voltage measurements can thus determine interface traps, volume traps, or
mobile ionic charges within the dielectric material.50

2.10

Summary of Techniques
To determine the composition, bonding, density, and electrical properties of the

plasma deposited silicon oxynitride coatings, several characterization techniques were
required.

Each technique has different sensitivities, resolutions, analysis depths, and

procedures, which have their own advantages and limitations. However, using them in
conjunction with each other, results can be verified by multiple techniques increasing our
confidence in our conclusions.
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CHAPTER 3
Deposition System and
Control of Reactive Sputtering Deposition Procedure

3.1

Plasma Basics
Plasmas are the fourth state of matter and make up 99% of matter found in the

universe.1 Though plasmas are encountered in everyday lives - e.g. sun, stars, lightning,
neon signs, fluorescent light bulbs, etc. - they still hold an aura of mystery. A simple
definition of a plasma is a quasineutral ionized gas that exhibits collective
electromagnetic behavior.1 Although a plasma as a whole is essentially neutral, or
quasineutral -meaning the number of positively and negatively charged species are
equal- regions of non-neutrality can also exist within the plasma. Thus, the plasma can
exert electromagnetic forces on things outside the plasma, and external electromagnetic
forces can affect it.
Due to their unique properties, plasmas can be used for beneficial purposes.
Fluorescent lights last longer and provide white light. Plasma torches allow metals to be
cut or welded underwater. Plasmas can be used to sterilize equipment, and in the era of
biological and chemical warfare, clean the air of toxins, chemicals, and hazardous gases.
Since the energetic species within plasmas can lower activation energies, plasmas are
used extensively in surface modification techniques including thin film deposition,
semiconductor

processing,

carbon

nanotube

growth,

and

ion
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The purpose of this chapter is to present a brief introduction to plasmas and
plasma processing, to describe the plasma immersion ion implantation and deposition
system, and to introduce the characterization techniques used in this dissertation.

3.2

Plasma Immersion Ion Implantation
Ion implantation is a means to alter the surface composition of a material.

Through high velocity impacts, ions are imbedded into the surface of material thereby
changing its surface composition and its surface properties, such as reactivity, corrosion,
friction, hardness, etc. Ion implantation is not limited by classical thermodynamics or
kinetics. In beam-based ion implantation, ions are extracted from a source, usually a
plasma, charge and mass selected, focused, accelerated, and imbedded into the surface of
a sample. Or, in simple terms, ions are “shot” into the sample surface. These ions then
simply get stuck in the material or react with other surface atoms, thereby modifying the
surface properties of the material. A schematic of this process is shown in Figure 3.1.
Samples with simple geometries can be manipulated to assure uniform dosage, but large
samples with complicated features are difficult to treat with this implantation technique.
In plasma immersion ion implantation (PHI), the plasma itself is the source of the
implanted ions. A sample is immersed into a plasma, and negative high voltage pulses
are applied directly to the sample; this bias accelerates ions from the surrounding plasma
into the material’s surface. Since it is an immersion process, PHI is better suited than
traditional beam-based ion implantation systems, to uniformly process large, threedimensional pieces. It also maintains lower sample temperatures.
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Schematic of Beam-Based Ion Implantation
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3.3

PIII System Specifications
The plasma immersion ion implantation has three main parts: the vacuum

chamber, the RF power suppy and its matching network, and the pulse forming network.

3.3.1

Vacuum Chamber
The plasma system consists of a cylindrical, 23” ID, stainless steel chamber that is

18” tall.
•

This inductively-coupled plasma chamber, designed to handle 300 mm Si
•

•

•

2

wafers, is one of the largest in a university lab. There are several ports for feedthroughs,
pressure gauges, gas inlets, and viewports.

Two larger flanges (6” and 10” tube

diameter) were machined into the side of the chamber to allow the 3” diameter, 33” long
tubes, used by JLab in their DC-field photoelectron gun assembly, to be coated in this
system. A 30” ASA nipple is attached to the larger port to accommodate these long
tubes. A 10” conflat-flanged gate valve separates the chamber from the vacuum pumps.
High vacuum is generated by a 1000 1/s magnetically-levitated turbo pump back by a 16
cfm dry scroll pump, achieving an ultimate pressure of 6.6 x 10'7 Torr without a bake.
These “oil-less” vacuum pumps prevent residual carbon contaminations from arising in
the chamber. A schematic of this system is shown in Figure 3.2. Vacuum pressure is
monitored with Convectron© gauges, a Stabil-ion© gauge, and a 1 Torr capacitance
manometer. This ion gauge is specially designed to give more accurate readings (±5%)
than conventional ion gauges (±25%) operating near a plasma.

During plasma

processing, the chamber pressure is held between 1-5 mTorr with the assistance of an iris
valve that throttles the pumping speed of the turbo mag-lev pump.
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A 200 amu Residual Gas Analyzer (RGA) is attached to the main chamber
through an isolation manual gate valve.

Since the vacuum pressure must be below 1O'4

Torr for the RGA to function properly, another valve with a 1 mm throughput hole is
used to reduce the gas load and a separate dry turbo pumping station is attached to the
RGA for secondary pumping. A typical RGA mass spectrum of base pressure is shown
in Figure 3.3. During the pumpdown the primary gases present are water, nitrogen,
oxygen, hydrogen, carbon dioxide, and argon; the Viton® O-ring seals located on the
large flanges are responsible for the permeation of atmospheric gases into the chamber.

Figure 3.2
Schematic of RF-Inductively Coupled
Plasma Immersion Ion Implantation and Deposition System
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Figure 3.3
RGA Spectrum of the PIII/D Chamber at its Base Vacuum
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An RGA spectrum (a) taken at a base pressure of 4.67 x 10'7 Torr shows that the
predominant gases remaining in the vacuum are water, nitrogen, oxygen, and hydrogen.
The peaks are identified in (b) along with their partial pressures. Since 15N/14N is 0.37%,
the ratio between M29/M28 should be 0.74%; the measured ratio is 0.79%. Since 14C/12C
is 3.5%, if CO were present, ,4CO should also be present; since M30 is not detected, M28
must be solely N 2 .
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3.3.2

Pulse Forming Network
The pulse forming network (PFN) produces the negative high voltage pulses used

in plasma immersion ion implantation. The PFN is capable of producing 100 kV, 30 A
flattop pulses at a maximum repetition rate of 200 Hz. Usually the PFN operates between
15 - 45 kV with a pulse width of 20 ps and repetition rate of 25 Hz. A schematic of the
electronics used to generate the pulses is shown in Figure 3.4, and a typical pulse is
shown in Figure 3.5. The pulse is triggered by a Stanford Research Systems DG 535
function generator and is observed on a Tektronix digital storage oscilloscope through a
1000:1 stepdown transformer. The current per pulse is also observed on the oscilloscope
through a Pearson current monitor (10 mY/A).

Figure 3.4
Schematic of Pulse-Forming Network Circuitry3
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Figure 3.5
A Typical Ion Implantation Pulse
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A typical ion implantation pulse is displayed as seen on the oscilloscope. The voltage is
monitored on Channel 1 through a 1000:1 stepdown transformer; so the -15.3 V pulse is
actually at -15.3 kV pulse. The current is monitored on Channel 2 through a 10 mV/A
Pearson current monitor; so the -43 mV current pulse is actually a -4.3 A pulse.
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3.3.3

RF Power Supply and Matching Network
A 2kW RF power supply generates the plasma by inductively-coupling a planar

coil antenna to the feed gas through a 1.25” thick, 22.5” diameter quartz window. In
order to achieve maximum power transfer to the plasma from the RF power supply, a
network of capacitors and/or inductors is required to “match” the impedance of the
plasma through the RF antenna to the 50 Q RF power supply. An impedance mismatch
will reflect the input RF power back into the RF power supply, thereby generating
massive amounts of heat in the cables and connections and potentially damaging the
power supply itself. Figure 3.6 shows an equivalent circuit of the necessary matching
network for an inductively-coupled discharge.4
As described by Lieberman, to match to the 50 Q RF power supply, the
admittance,

Y a,

looking to the right of those terminals A-A’ must be
Ya = Ga +./B a = 1 / (R s +./(X i + Xs)).

Separating the conductance

(G a ),

the real part, from the susceptance

(/B a ),

the imaginary

part, yields two equations:4
Ga

= R s /(R s2 + (X ,+ X s)2)

and
Ba = - (X! + Xs) / (Rs2 + (Xj + Xs)2).
For maximum power transfer, Ga = 1/Rt, R t = 50 Q, the impedance of the RF power
supply.
Practically, Ci and C2 are variable capacitors. Approximating Ls and Rs, the
above calculations are used to get an approximate value for Ci and C2 , which then can be
adjusted for final tuning. Since the inductance of the plasma is usually small, Xs can be
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approximated to the inductance of the planar coil antenna, which can be calculated using
Wheeler’s formulas.5,6 Rs is usually approximated to 10-30 £1

Thus, Xi can be

calculated, and Ci can be determined. Plugging the value for Xi into the equation for Ba,
we can calculate C2 .
Our PHI system can operate in two distinct modes. Even though both modes
operate at the same pressure, they have individual tuning parameters.

Figure 3.6
Schematic of RF Matching Network
Rj
vW
+

© V

t

An RF matching network is required to allow the maximum power transfer from the RFpower supply to the plasma by matching the impedance of the plasma to the 50 Q
resistance of the supply.4
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3.3.3.1 Deposition Mode
In the first mode, the electrostatic coupling of the RF antenna to the plasma
causes sputtering of the dielectric quartz window. The sputtered silicon and oxygen can
deposit as silicon dioxide or react with nitrogen to deposit silicon oxynitride.

This

deposition process can also be integrated with plasma immersion ion implantation to
yield the simultaneous deposition and ion implantation of silicon oxynitride coatings. In
this deposition mode, there are two different tuning ranges.
In the first tuning range, a bright, pink nitrogen plasma is generated between 2-5
mTorr. Ci ~ 30 pF, C2 ~210 pF, and the antenna has an inductance of 3.1 pH. With
these parameters, the plasma can be tuned to achieve a minimum of 20-40 W reflected
RF power when 750 W incident RF power is being applied. The bright pink color of the
nitrogen plasma indicates that there is a larger dissociation fraction of nitrogen, thereby
producing a higher density plasma. This phenomenon can also be attributed to more
inductive coupling of the RF antenna to the plasma.
In the second tuning range, a second coil, possessing an inductance of 0.7 pH,
was added. With Ci ~ 41 pF and C2 ~ 265 pF, the plasma can be tuned between 0.5 - 5
mTorr with 5-15 W reflected RF power when 750 W incident RF power is being applied.
This plasma is more purple than pink. The purple color and the addition of the extra
inductor indicate that the RF antenna is coupling more capacitively to the plasma and that
there is a smaller dissociation fraction of nitrogen, yielding a lower density plasma.
Although both tuning parameters result in the sputtering of the quartz window, more
work is necessary to differentiate between these two ranges.

The majority of this
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dissertation focuses on this “capacitive” tuning range since it protects the RF-power
supply by minimizing the reflected RF power at lower operating pressures.

3.3.3.2 Implant Mode
In the second mode of operation, a grounded Faraday shield can be used to
decouple the electrostatic interaction between the RF antenna and the plasma.

It is

sandwiched between a second window and the initial window. This system arrangement
prevents sputtering of the quartz window, permitting pure ion implantation.

In this

configuration, a bright pink plasma can tuned from 1-5 mTorr while the reflected RF
power is kept below 10 W at 750 W incident RF power. The actual gas or mixture of
gases used in the plasma has a large effect on the impedance of the system.

Thus,

depending on the gas, Cl ~ 30-80 pF, C2 ~ 150-350 pF, and both inductors are used to
effectively match to the RF power supply. A picture of a nitrogen plasma with the
Faraday shield installed is shown in Figure 3.7
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Figure 3.7
Picture of a Test Electrode in a Nitrogen Plasma

A 6” diameter stainless steel electrode is being implanted with nitrogen ions from the
nitrogen plasma. Since the Faraday shield can be seen at the top of the picture, this
electrode was simply being ion-implanted, not coated.
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3.4

Control of Reactive Sputtering Deposition Procedure

3.4.1

Introduction
The novel, reactive sputtering procedure to deposit high-purity silicon oxynitride

films has many advantages over the nitrogen implantation procedure. First and foremost,
large, three-dimensional samples can be successfully coated without arcs. This benefit is
essential to producing a successful field emission suppression coating on the large,
contoured electrodes such as those used in JLab’s DC-field photoelectron gun. Second,
this procedure may allow better control of the composition and the associated electrical
properties of the silicon oxynitride coating. The source of silicon and oxygen in the
coating is the sputtering of the fused quartz window. Since the sputtering rate of the
window is RF-power and plasma-pressure dependent, varying these parameters changes
both the deposition rate and composition of the resulting silicon oxynitride coating. The
goal of this chapter is to determine how to control the deposition process by varying
nitrogen plasma pressure and incident RF-power.

3.4.2

Experimental Procedure
Two sets of experiments were performed using 7 mm x 7 mm silicon samples

that were all cut from the same wafer. In the first group, the nitrogen plasma pressure
was fixed at 1.7 mTorr while the RF-power was incrementally adjusted. Four silicon
samples and two “masked” silicon samples were then coated for 4 hours at each of the
following RF power levels: 300 W, 450 W, 600 W, 750 W, and 1 kW incident power,
with less than 25 W reflected power in all cases.
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Similarly, in the second group of experiments, the RF-power was fixed at 750
W incident power while the nitrogen plasma pressure was incrementally varied. The
reflected RF-power was always kept below 25 W. Four silicon samples and two masked
silicon samples were coated for 4 hours at each of the following nitrogen pressures: 1
mTorr, 1.7 mTorr, 2.5 mTorr, 3.3 mTorr, 4 mTorr, and 5 mTorr. This pressure range was
limited by the “oil-less” vacuum pumps on the deposition system. To achieve a greater
pressure range, the 16 cfm scroll pump could be replaced by a larger, oil-lubricated rotary
vane pump and/or the 1000 1/s maglev turbo pump could be replaced with a smaller turbo
pump.
The two masked silicon samples were then analyzed using profilometry to
measure the step height, or thickness of the coating. Each sample was analyzed at three
different locations, and their corresponding thickness values were averaged.

The

deposition rate was then calculated by dividing the average thickness by the total process
time, namely 240 min. The four other samples were analyzed using FTIR to determine
how much Si-N content was present in the silicon oxynitride film. The corresponding
oxynitride absorption peak was then averaged between the four samples. An uncoated
silicon sample was used as the background to subtract any unwanted effects due to a thin
oxide on the silicon itself.

For reference, stoichiometric silicon dioxide and silicon

nitride standards were also analyzed using FTIR.
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3.4.3

Results and Discussion

3.4.3.1 Deposition Rate
Both experiments revealed that raising the incident RF-power and the nitrogen
plasma pressure increases the deposition rate. The graph of the averaged step heights
with varying RF-power is shown in Figure 3.8. The graph shows that increasing the RFpower linearly increases the deposition rate.
•

•

At moderate powers, RF-power varies
A 7 8

linearly with plasma density in an inductively-coupled plasma. ’ ’ Thus, increasing the
incident RF-power linearly increases the plasma density, thereby increasing the
sputtering rate of the quartz window and the deposition rate on the sample.
The graph of the averaged step heights with varying nitrogen pressure, shown in
Figure 3.9, illustrates that increasing the nitrogen pressure also increases the deposition
rate.

However, raising the plasma pressure does not linearly increase the plasma
A 8

density. ’

The electron temperature decreases as pressure increases because the mean

free path Xmfp also decreases (or the collisional frequency, u, increases), resulting in a
higher probability for recombination with an ion to form a neutral.4
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Figure 3.8
Graph of Deposition Rate Versus RF Power

Deposition Rate
RF P ow er / C onstant Pressure

RF Power (Watts
The silicon oxynitride deposition rate varies as a function of RF power. The pressure was
held constant at 1.75 mTorr as monitored with a capacitance manometer.
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Figure 3.9
Graph of Deposition Rate Versus Nitrogen Pressure
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The silicon oxynitride deposition rate also varies as a function of nitrogen pressure. The
RF power was held constant at 750 W incident with less than 25 W reflected.
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3.4.3.2 Chemical Composition
Several other groups have studied silicon oxynitride films using Fourier transform
infrared absorption spectroscopy. 9 ' 13 They have determined that unlike other oxynitride
films, 9 the dominant oxynitride peak shifts linearly between silicon dioxide and silicon
nitride as the bonding in the film changes; thus, the alloy composition can be accurately
•

•

«

Q 11

determined by the frequency of the oxynitride absorption band. '

As such, knowing the

peaks for stoichiometric silicon dioxide and silicon nitride, the bonding of silicon
oxynitride samples can be determined.
The reference standards have peaks at 1067 cm ' 1 for silicon dioxide and 827 cm ' 1
for silicon nitride. The FTIR spectra of the samples deposited with varied incident RFpower are shown in Figure 3.10. Our silicon oxynitride absorption peaks occur at 1018
cm'1, which correlates to 20% ± 0.5% Si-N content in the samples.

The oxynitride

absorption peak occurs closer to the silicon dioxide peak than the silicon nitride peak.
Graphing the peak centers of the oxynitride absorption bands illustrates that varying the
RF-power does not change composition of the oxynitride film. As shown in Figure 3.11,
all the peak centers are within 1.5 cm' 1 of each other, which correspond to a 0.625%
difference in the amount of Si-N in the silicon oxynitride film.
The FTIR spectra of the samples coated at various pressures are shown in Figure
3.12. Small shifts in the oxynitride absorption band can be seen as pressure is increased.
To better see this trend, a graph of the peak centers is shown in Figure 3.13. As pressure
increases, the location of the oxynitride absorption peak shifts to a lower wavenumber,
indicating that as the pressure is raised, the amount of Si-N content in the oxynitride also
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increases. According to these data, by varying the nitrogen pressure, the percentage of
Si-N in the films can be controlled very accurately within the range of 15% - 30%.

Figure 3.10
FTIR Spectra of Silicon Oxynitride Coatings Produced at Different RF Power
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FTIR spectra taken of silicon samples coated with silicon oxynitride at varying RFpowers shows that all the oxynitride peaks seem to occur at the same point. Silicon
dioxide and silicon nitride standards are shown at 1067 cm ' 1 and 827 cm'1, respectively.
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Figure 3.11
Graph of Oxynitride Peaks Deposited at Different RF Power
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A graph of the silicon oxynitride peaks as a function of varying RF-power shows that
since the peak centers do not change, varying the RF-power does not change the bonding
of the silicon oxynitride coating. These peaks correspond to 20% ± 0.5% Si-N content.
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Figure 3.12
FTIR Spectra of Silicon Oxynitride Produced at Different Nitrogen Pressures
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FTIR spectra taken of silicon samples coated with silicon oxynitride at varying nitrogen
pressure shows that each oxynitride peak occurs at a different location. Increasing the
nitrogen pressure shifts the oxynitride peak towards silicon nitride. Silicon dioxide and
silicon nitride standards are also shown at 1067 cm ' 1 and 827 cm '1, respectively.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

81

Figure 3.13
Graph of Oxynitride Peaks Deposited at Different Nitrogen Pressures
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A graph of the silicon oxynitride peaks as a function of varying nitrogen pressure shows
that the oxynitride peak shifts towards lower wavenumber as the nitrogen pressure is
increased. Thus, by varying the nitrogen pressure between 1 - 5 mTorr, the Si-N content
in the oxynitride film can be controlled from 17% - 27%.
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3.4.4

Conclusions
The RF inductively-coupled plasma immersion ion implantation and deposition

system is a world-class, industrial size chamber that is capable of uniformly treating
large, contoured samples at low temperature.

The vacuum pumps assure oil-less

operation, and the gauges are specially designed to maintain accuracy and stability over
long periods of time.

The matching network has been re-designed and upgraded to

permit higher operating RF powers. And, the pulse forming network can achieve 100 kV
pulses at a maximum repetition rate of 200 Hz. This implant and deposition chamber is
well-suited to offer reliable performance for a long time.
With this RF inductively-coupled plasma system, we have developed a novel
reactive sputtering procedure to deposit high-purity silicon oxynitride coatings. We have
determined that there are two major adjustable parameters that allow accurate control of
the deposition rate and bonding of the silicon oxynitride film. Varying the RF-power at a
constant nitrogen pressure linearly changes the deposition rate without changing the
chemical composition of the silicon oxynitride film. The observed effect is consistent
with a linear increase in plasma density that is known to occur with increasing RF-power.
Similarly, increasing the nitrogen pressure at a constant RF-power also increases the
silicon oxynitride deposition rate. However, as the nitrogen pressure is raised, the Si-N
composition in the deposited silicon oxynitride coating also increases. By adjusting the
pressure between 1-5 mTorr, the Si-N content in the oxynitride film can be controlled
between 17-27%, respectively. The dielectric constant of a silicon oxynitride film is
known to increase with an increase in Si-N content. 9 ' 13 Thus, by determining how to
control the composition of the reactive sputtering deposition procedure, we can alter the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83

electrical properties of the deposited film. We can also shorten the process times; since
doubling the incident RF-power increases the deposition rate by over 50%, the total
deposition time for a set coating thickness can be decreased by one-third without altering
the composition of the silicon oxynitride.
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CHAPTER 4
Comparison of the Silicon Oxynitride Deposition Procedures:
Analysis of Coating Composition, Bonding, Density, and Electrical Properties

4.1

Introduction
The evolution of more powerful free-electron lasers (FEL) requires the
12

development of brighter, higher-quality electron beams. ’ Currently, field emission from
support electrodes prevents higher operating voltages in DC-field photoelectron guns, 3
and increasing their operating voltage would increase both the intensity and quality of the
output electron beam by increasing the bunch charge and decreasing the divergence of
the emitted electrons. 3 ’4
coatings to flat

6

Although applying nitrogen-implanted silicon oxynitride

” diameter stainless steel electrodes drastically reduced its emitted

electron current, ’ numerous arcs occurred and severely damaged the electrode surface
when this coating process was applied to three dimensional structures similar to those
used in DC-field photoelectron guns.
Initial attempts to eliminate arcs during the coating process were made by
decreasing the implantation voltage from 25 kY, to 15 kV, and eventually to 5 kV.
Although these efforts did reduce the overall number of arcs that occurred, arcs still
damaged the electrode surface resulting in unreliable and unpredictable field emission
suppression performance. Figure 1.5 shows the damage caused by a typical unipolar arc
as viewed under a high-resolution microscope. To prevent arcs from occurring, a novel
85
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reactive sputtering procedure was developed to deposit high-purity silicon oxynitride
films onto curved, three-dimensional surfaces without arcs by eliminating the highvoltage ion implantation steps.
In order to determine the fundamental physical and chemical changes that occur
during ion implantation, the composition, bonding, and density of the silicon oxynitride
layers created by reactive sputtering and plasma immersion ion implantation/deposition
procedures were compared using a wide variety of characterization techniques. Each
technique has its advantages and limitations as described in Chapter 2. The electrical
properties of each silicon oxynitride film were also determined using current-voltage and
capacitance-voltage measurements to measure the resistivity and dielectric constant.
Since the primary measure of the effectiveness of the coating is field emission
suppression, the corresponding field emission suppression performance of flat, stainless
steel

electrodes

coated

with

silicon

oxynitride,

produced

by

both

the

ion

implantation/deposition and reactive sputtering deposition procedures, were determined
using high voltage tests. Compiling these data will provide insight into what the coatings
are and how ion implantation affects its surface properties. These results should help
predict what changes should be made to further reduce field emission from coated
stainless steel surfaces.

4.1.1

Silicon Oxynitride Used in Industry
Over the past 30 years, many groups have extensively investigated silicon

oxynitride as a replacement for silicon dioxide used in microelectronics and nanoscale
•

6 15

devices. '

As a dielectric, silicon oxynitride combines the beneficial properties of
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silicon dioxide and silicon nitride while minimizing their limitations. For example, boron
is a dopant used in silicon wafers to increase their conductivity; although boron diffuses
through silicon dioxide, it cannot diffuse through silicon nitride. On the other hand,
silicon nitride possesses a high film-stress and a large percentage of hydrogen defects
(~3% - 30%), which creates electrical irregularities within the film . 9 ,1 6 A summary of the
physical, chemical, and electrical properties of silicon dioxide and silicon nitride can be
found in Table 4 .1. 17

By adjusting the nitride and oxide composition in a silicon

oxynitride film, properties such as diffusivity, film stress, and defects can be controlled,
thereby determining its electrical properties (i.e. resistivity, capacitance, dielectric
strength, and dielectric breakdown) . 6 ,8 ,1 0 ' 12
Silicon oxynitride films can be created using many techniques including, but not
limited to, chemical vapor deposition, 1 6 plasma enhanced-chemical vapor deposition , 8 ,1 1
rapid thermal processing , 7 and remote plasma nitridation/oxidation. 1 3 ,1 8 ,1 9

Each

procedure can produce silicon oxynitride films differing in their composition (ratio of
silicon to oxygen to nitrogen to hydrogen), bonding, quality (defects), and electrical
performance (resistivity, capacitance, and breakdown).

Most industrial deposition

procedures of silicon oxynitride require a complex mixture of gases (e.g. ammonia,
silane, nitric oxide, hydrogen, etc.) and/or high temperatures (450 - 1000 °C).

Our

procedures to deposit high-purity silicon oxynitride films are unique since they require
low temperatures (< 200 °C) and only nitrogen gas.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

88

Table 4.1
Properties of SiC>2 and SisN4 at 300 K 17

Properties
i

:

Structure
Melting Point (deg C)

Si02
Amorphous
approx. 1600

Si3N4
I

Amorphous
—

Density (g/cm3)

2.2

3.1

Refractive Index
Dielectric Constant
......
.......
Dielectric Strength (V/cm)

1.46
3.9

2.05
7.5

107

107

infrared Absorption Band (pm)
Energy Gap at 300K (eV)
Linear Coefficient of Thermal
Expansion,
AL/UAT (1/deg C)
Thermal Conductivity at 300 K
(W/cm-degK)

9.3
9

1 1 .5-12.0
approx. 5.0

5 x 10~7

—

0.014

—

1014- 1 0 16

approx. 1014

DC Resistivity at 25 C (ohm-cm)
DC Resistivity at 500C (ohm-cm)
Etch Rate in Buffered HF
(angstroms/min)

—

1000

2 x 1 0 13
5-10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89

4.1.2

Ion Implantation and Reactive Sputtering Deposition Procedures
We have developed two novel procedures to deposit high-purity silicon oxynitride

films using plasma immersion ion implantation/deposition and reactive sputtering. Both
plasma-based deposition procedures use similar plasma parameters including a set
nitrogen pressure of 1.70 mTorr, 750 W incident RF power inductively coupled through a
3-turn planar coil antenna, and the sputtering of a fused quartz (silicon dioxide) window.
In the ion implantation/deposition procedure, after plasma “conditioning” and deposition
for four hours, the high voltage is slowly ramped to -25 kV to implant nitrogen ions
(primarily N 2 +) into the coated stainless steel. The voltage ramp-up takes approximately
one hour, and the electrode is soaked with -25 kV pulses (20 psec pulse width, 25 Hz
• •

1R

9

repetition rate) for three hours, yielding a nominal dose of 10 atoms/cm . Based on our
initial characterization of nitrogen-implanted coatings, we observed that high energy
nitrogen ion implantation, i.e. energies exceeding the sheath energy for floating or
grounded objects in a plasma,

90

is not required to create silicon oxynitride. Thus, the

silicon dioxide from the quartz window must react with the nitrogen plasma to deposit
silicon oxynitride films. So, in the reactive sputtering deposition procedure, the electrode
simply is immersed in the nitrogen plasma and coated with silicon oxynitride for eight
hours.

4.2

Composition

4.2.1

Atomic Composition - Auger Electron Spectroscopy
The atomic compositions of the silicon oxynitride layers created by reactive

sputtering and ion implantation deposition procedures were obtained using Auger

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

90

Electron Spectroscopy (AES) with a cylindrical mirror electron energy analyzer having a
fixed resolution of 0.6% of the peak energy. Depth profiles were obtained rastering a
400-500 pm diameter, 3 keV argon ion beam to sputter a 2 mm by 2 mm surface area.
The sputter rate was calibrated against that of silicon dioxide, and the relative sensitivity
factor treated the silicon as an oxide. Figure 4.1 and Figure 4.2 show the AES depth
profiles of the ion implanted/deposited and the reactively sputtered silicon oxynitride
films, respectively. Both procedures deposit a layer of silicon, oxygen, and nitrogen that
is roughly 600 nm thick. The concentration of silicon is approximately 30% throughout
the layer. The concentration of nitrogen varies from 12% - 18% and depends inversely
with changes in the concentration of oxygen from 40% - 50%. Assuming there is no
trapped nitrogen or oxygen and a low hydrogen concentration in the silicon oxynitride
film, this effect is consistent with nitrogen replacing oxygen bonded to silicon. Although
there are slight differences in the atomic concentrations of each of the silicon oxynitride
deposition procedures, the two samples are very similar in composition. For comparison,
depth profiles of silicon dioxide (Si0 2 ) and silicon nitride (Si3 N 4 ) standards are shown in
Figure 4.3 and Figure 4.4, respectively. Both exhibit uniform concentrations of silicon,
oxygen, and/or nitrogen throughout the entire layer. The silicon dioxide standard has
32% silicon and

6 8

% oxygen while the silicon nitride standard has 41% silicon, 56%

nitrogen, and roughly 3% oxygen contamination. The minor difference between the ion
implanted and reactively sputtered depth profiles occurs in the top half of the deposited
silicon oxynitride layers. The top half of the ion implanted layer has ~ 6 % less nitrogen.
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Figure 4.1
AES Depth Profile of N 2 -Implanted Silicon Oxynitride
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The composition of the nitrogen-implanted silicon oxynitride coating is -50% oxygen,
-30% silicon, and -15% nitrogen. The top half of the coating has - 6 % less nitrogen and
-4% more oxygen than half closer to the stainless steel. Since high-voltage ion
implantation only occurs half-way through the deposition process, it seems that nitrogenimplantation may actually decrease the amount of nitrogen in the silicon oxynitride
coating.
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Figure 4.2
AES Depth Profile of Reactively-Sputtered Silicon Oxynitride
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The composition of the reactively-sputtered silicon oxynitride coating is -45% oxygen,
-30% silicon, and -18% nitrogen. The composition of these species is uniform
throughout the thickness of the silicon oxynitride coating.
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Figure 4.3
AES Depth Profile of Reference Silicon Dioxide
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The Auger depth profile of a silicon dioxide reference shows the predicted concentrations
of silicon (-32%) and oxygen (-67%) through the film thickness.
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Figure 4.4
AES Depth Profile of Reference Silicon Nitride
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The Auger depth profile of a reference silicon nitride sample shows that ~4%
oxygen contaminates the entire film increasing at the surface to -12% oxygen. The
profile of this silicon nitride is typical of most silicon nitride films that either have >3%
oxygen or hydrogen contaminations through their thickness.
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4.2.2

Hydrogen Composition - Elastic Recoil Detection Analysis
The atomic hydrogen-content of these layers was determined using Elastic Recoil

Detection Analysis (ERDA). Helium ions (2.3 MeV) were bombarded into the coatings
at a 75° incident angle (a), and the exit angle (P) was set at 60°. The detector had a fixed
energy resolution of 25 keV. The ERDA results of the silicon oxynitride films are shown
in Figure 4.5 and Figure 4.6.

Both ion-implanted and reactively sputtered silicon

oxynitride coatings had ~1.5% hydrogen uniformly throughout the coating. Thus, despite
no hydrogen-bearing gases being used in either deposition procedure, a small amount of
hydrogen is still present in both films, possibly originating from the amorphous “quartz”
window or from outgassed hydrogen-bearing species (H2 O, H2 , CH4 , etc.) from the
stainless steel chamber, tubing, mounts, and electrodes.

91

Though the inclusion of

hydrogen in silicon oxynitride can cause electrical irregularities, the integrity of both
coatings was unaffected, as will be discussed in sections 4.5 and 4.6.
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Figure 4.5
ERDA of N 2 -Implanted Silicon Oxynitride
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Elastic recoil detection analysis determines that there is -1.5% hydrogen throughout the
thickness of the nitrogen-implanted silicon oxynitride coating.
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Figure 4.6
ERDA of Reactively-Sputtered Silicon Oxynitride
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Elastic recoil detection analysis determines that there is ~1.5% hydrogen throughout the
thickness of the reactively-sputtered silicon oxynitride coating.
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4.3

Bonding

4.3.1

X-ray Photoelectron Spectroscopy
XPS was used to determine the chemical bonding of the silicon oxynitride films

deposited using the two procedures. Surface scans were taken first, followed by 30s of 5
keV Ar+ sputtering remove 30

A, and then the scans were taken again. Survey scans

following the Ar+ sputter cleaning did not reveal any carbon on any of the samples;
however, by the time the high-resolution scans for each atomic region were completed,
~2.5% - 4% carbon was present in the spectra, probably arising from the adsorption of
residual carbon species (predominantly CO,

CO2 , and CH4 ) in the vacuum

environment. 2 1 ,2 2
Since all the XPS spectra possess residual surface carbon, charging effects can be
accounted for by aligning all the C -ls peaks in each spectrum. Table 4.2 shows the peak
centers before and after charge compensation. The deconvoluted spectra can be seen in
Figure 4.7 and Figure 4.8 of ion implanted and reactively sputtered films, respectively.
The spectra of stoichiometric silicon dioxide and silicon nitride standards are shown in
Figure 4.9 and Figure 4.10, respectively. As expected the Si-2p peak shifts in the silicon
oxynitride films more closely represent silicon dioxide than silicon nitride. Moreover,
since the Si-2p, O-ls, and N -ls peaks from the silicon oxynitride films are curve-fitted
with only one peak that occurs at the same energy, the silicon oxynitrides formed by both
deposition procedures must be bonded the same way, namely nitrogen and oxygen are
only bonded to silicon, not each other.
However, high-resolution scans shows that there are two N -ls peaks present in all
of the silicon oxynitride spectra. This extra peak is identified as trapped nitrogen (N2 ) in
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the silicon oxynitride films.

By taking the peak areas of the unsputtered silicon

oxynitride films, we can quantify that 7% percent of the nitrogen in the films is trapped
nitrogen.

This trapped nitrogen peak is not present in the sputter-cleaned samples

because the sputter rate for trapped nitrogen is significantly greater than that of silicon
oxynitride; thus, as ions bombard into the surface, trapped nitrogen can diffuse out from
layers beyond the XPS detection.

Table 4.2
XPS Peak Centers Before and After Charge Compensation
Cls

Nls

Ols

Si2p

Theory22

284.30

397.40 - Si3N4

533.00 - Si0 2

103.30 - Si0 2

Si02 (ref)
adjust -4.04 eV

288.34
284.30

N/A

536.59

107.34

532.55

103.30

Si3N4 (ref)
adjust -4.71 eV

289.01
284.30

401.60
396.89

536.64
531.93

105.80
101.09

Run 40 (sputter)

289.37

402.70

537.09

107.64

adjust -5.07 eV

284.30

397.63

532.02

102.57

Run 50 (implant)
adjust -5.17 eV

289.47
284.30

402.72
397.55

537.09
531.92

107.70
102.53
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Figure 4.7
High-Resolution XPS Scans of N2 -Implanted Silicon Oxynitride

The C ls spectrum (a) shows the typical three adsorbed carbon species, CO, CO2 , and CxHy. The N ls spectrum (b) shows that the
~6.5% of the nitrogen in the film is trapped N2 and the rest are bonded similarly. The Ols and Si2p spectra, (c) and (d) respectively,
show that there is only one type of silicon and oxygen present in the nitrogen-implanted silicon oxynitride coating. These spectra
determine that oxygen and nitrogen are solely bonded to silicon, not each other.

1—
O
O

Figure 4.8
High-Resolution XPS Scans of Reactively-Sputtered Silicon Oxynitride
b)

d)

The C ls spectrum (a) shows the typical three adsorbed carbon species, CO, CO2 , and CxHy. The N ls spectrum (b) shows that the
-6.5% of the nitrogen in the film is trapped N 2 and the rest are bonded similarly. The O ls and Si2p spectra, (c) and (d) respectively,
show that there is only one type of silicon and oxygen present in the nitrogen-implanted silicon oxynitride coating. These spectra
determine that oxygen and nitrogen are solely bonded to silicon, not each other.

Figure 4.9
High-Resolution XPS Scans of Reference Silicon Dioxide

As expected XPS spectra of the silicon dioxide reference sample displays the usual carbon species in (a), no nitrogen (b), and the
literature values of oxygen bonded to silicon in (c) and (d).
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Figure 4.10
High-Resolution XPS Scans of Reference Silicon Nitride
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The XPS spectra of silicon nitride show the usual carbon peaks in (a) and predominantly one nitrogen species (> 90%) in (b).
However, since oxygen is a major contamination, an oxygen peak also appears in (c) along with two peaks in (d). These two peaks
correspond to silicon nitride and silicon dioxide as determined by the literature.2 2
ou>
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4.3.2

Fourier Transform Infrared Spectroscopy
The chemical bonding of the silicon oxynitride films was confirmed with infrared

absorption spectroscopy using a Nexus 870 FTIR, manufactured by Thermo Nicolet.
Since silicon is infrared transparent, silicon substrates were coated with silicon oxynitride
using the ion implantation/deposition and the reactive sputtering procedures. Industrygrade silicon dioxide (Si0 2 ) and silicon nitride (Si3 N 4 ) standards were also measured. An
unmodified silicon wafer was used as the background so that any undesired effects from
the silicon substrate itself were subtracted.
The resulting FTIR spectra are shown in Figure 4.11. The oxynitride absorption
bands lies between the Si-N and Si-0 stretching of stoichiometric silicon nitride (SisN^
at and silicon dioxide (Si0 2 ) standards, which occur at 830 cm ' 1 and 1070 cm’1,
respectively. Several groups have studied silicon oxynitride films with FTIR and shown
that there is a linear relationship between the location of the oxynitride absorption band
and the stoichiometry of the film . 8 ,1 0 ,1 1

The oxynitride absorption band for the ion

implanted silicon oxynitride film occurs at 1036 cm'1, corresponding to ~14% Si-N
bonds, and the band for the reactively sputtered oxynitride film occurs at 1026 cm'1,
corresponding to -19% Si-N bonds. These spectra confirm AES results that showed that
with the same experimental conditions, namely RF power, tuning, and plasma pressure,
the nitrogen-implanted silicon oxynitride coating has less nitrogen than the reactively
sputtered silicon oxynitride coatings. Therefore, nitrogen ion implantation must actually
reduce the amount of Si-N bonds.
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Figure 4.11
FTIR Spectra of N 2 -Implanted and Reactively-Sputtered Silicon Oxynitride
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FTIR spectra of the silicon oxynitride coatings show that oxynitride peak of nitrogenimplanted silicon oxynitride occurs at 1036 cm4 while reactively-sputtered silicon
oxynitride occurs at 1026 cm'1. The reference silicon dioxide has an Si-0 absortion band
at 1070 cm'1, and the reference silicon nitride has an Si-N band at 830 cm'1. Since the
dominant peak of the nitrogen-implanted silicon oxynitride occurs closer to the silicon
dioxide reference peak, it has ~4% less Si-N than reactively sputtered silicon oxynitride.
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4.4

Density - Rutherford Backscattering and Profilometry
The density of the silicon oxynitride films was determined using profilometry

Rutherford Backscattering (RBS).

The density of the film may change during ion

implantation as the film is bombarded with high-energy ions or during the reactively
sputtered procedure since more nitrogen is present in the film and silicon nitride (3.1
g/cm3) has a higher density than silicon dioxide (2.2 g/cm3 ) . 17 Density variations could
be responsible for electrical differences between the silicon oxynitride films by affecting
electron mobility or resistivity. In RBS, 2.0 MeV He+ was incident on the film at an
angle of 7° for a total Q of 40 pC; the scatter angle was 165°. The density of the film was
then calculated by adding the total number of atoms per area and dividing by the film
thickness determined by profilometry.
Using profilometry on masked silicon samples, the thickness of the ion implanted
coating and of the reactively sputtered coating was determined to be 650 nm ± 30 nm as
seen in Figure 4.12 and Figure 4.13. Since the coating thicknesses are comparable, any
sputtering effects that occur during ion implantation are considered negligible. However,
RBS taken of both samples revealed different atomic densities as shown in Figure 4.14
and Figure 4.15.

The ion implanted silicon oxynitride coating has a an areal

concentration o f4 .6 x 1018±0.05 atoms/cm2 while the reactively sputtered coating had a
density of 5.1 x 10
00

10

i o

9

± 0.05 atoms/cm . These values correspond to a density of 7.08 x

0

00

atoms/cm in ion implanted films and a density of 7.83 x 10

T

atoms/cm in

reactively sputtered films.
To confirm this result, samples possessing known differences in thickness, were
characterized using RBS again at a different location.

Profilometry measurements

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

107

determined that the nitrogen-implanted sample had a thickness of 650 nm ± 30 nm while
the reactively sputtered sample had a thickness of 560 nm ± 3 0 nm. Profilometry data for
these samples are shown in Figure 4.12 and Figure 4.16, respectively.

The RBS data of

these samples are shown in Figure 4.17 and Figure 4.18. The RBS results determine that
i O

'J

'J'J

the ion implanted sample had 4.5 x 10 ± 0.05 atoms/cm , giving a density of 6.92 x 10
i

atoms/cm whereas the reactively sputtered sample had 4.05 x 10
99

giving a density of 7.23 x 10

1Q

9

± 0.05 atoms/cm ,

o
atoms/cm . Thus, although the actual values are slightly

different, independent RBS measurements show that the reactively sputtered silicon
oxynitride coating is denser than the nitrogen-implanted silicon oxynitride coating.
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Figure 4.12
Step Profile of N 2 -Implanted Silicon Oxynitride (8 hours)
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At 750 W incident RF power and 1.7 mTorr nitrogen, the nitrogen-implant silicon
oxynitride procedure deposits 650 nm ± 30 nm in 8 hours.
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Figure 4.13
Step Profile of Reactively-Sputtered Silicon Oxynitride (8 hours)
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At 750 W incident RF power and 1.7 mTorr nitrogen, the reactive sputtering silicon
oxynitride procedure also deposits 650 nm ± 30 nm in 8 hours.
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Figure 4.14
RBS of N 2 -Implanted Silicon Oxynitride (8 hours)
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The computer fit of the RBS spectrum determines that the density of nitrogen-implanted
silicon oxynitride coating to be 4.6 x 1018 atoms/cm2. Dividing by the coating thickness,
this value corresponds to a film density of 7.08 x 102 2 atoms/cm3.
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Figure 4.15
RBS of Reactively-Sputtered Silicon Oxynitride (8 hours)
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The computer fit of the RBS spectrum determines that the density of reactively-sputtered
silicon oxynitride coating to be 5.1 x 1018 atoms/cm2. Dividing by the coating thickness,
this value corresponds to a film density of 7.83 x 102 2 atoms/cm3.
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Figure 4.16
Step Profile of Reactively-Sputtered Silicon Oxynitride

M

—
3 .0

w

CkA )
—

.....

\

-1. I...1 1 1 1 1 . 1..1.
i i i
D
2 0 0 0

O
..............................f
~
- 5

i i

i t

i i .. .l._l._L. l ..1__1_1_L 1_ _L..J._JLX..l ...1.. 1.1 1
-o -o a o
6 0 0 0
£ 3 0 0 0

m >

The thickness of this reactively-sputtered silicon oxynitride coating is 560 nm ± 30 nm.
It was also deposited at 750 W incident RF power at 1.7 mTorr nitrogen pressure.
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Figure 4.17
RBS of N 2 -Implanted Silicon Oxynitride
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The RBS spectrum determines the density of nitrogen-implanted silicon oxynitride
coating to be 4.5 x 1018 atoms/cm2. Dividing by the coating thickness, this value
corresponds to a film density of 6.92 x 10 atoms/cm .
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Figure 4.18
RBS of Reactively-Sputtered Silicon Oxynitride
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The RBS spectrum determines the density of nitrogen-implanted silicon oxynitride
coating to be 4.05 x 1018 atoms/cm2. Dividing by the coating thickness, this value
corresponds to a film density of 7.23 x 102 2 atoms/cm3.
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4.5

Resistivity and Dielectric Strength
To determine whether the composition and density of the silicon oxynitride films

affect their electrical properties, the resistivity and dielectric strength of the ion implanted
and reactively sputtered coatings on polished 1.25” diameter, stainless steel disks were
measured. To make these measurements a series of aluminum dots 0.75 mm in diameter
were deposited onto the top surface of the coatings. A probe was attached to one dot
while the back of the sample was held at ground. Then a DC voltage was applied to the
probe (top surface of the sample). The voltage was increased and decreased sequentially,
and the current was measured at the back of the sample. Since all the samples displayed
ohmic behavior, the resistivity through the coating can be calculated by the equation
derived from Ohm’s law,
J = E /p
where J is the current density (I/A), I is the measured leakage current, A is the area of the
dots, E is the electric field (V/d), V is the applied voltage, and d is the thickness of the
coating. The resistivity of the coating can then be calculated by taking the reciprocal of
the slope of the resulting J vs. E plot. The data are presented in Figure 4.19 and Figure
4.20. Capacitance-voltage measurements were also taken at constant voltage, correcting
for the leakage current. All the samples analyzed are electrically equivalent. 2 3 They all
exhibit resistivities around 1012 Q cm and have dielectric constants between 4.8 - 5.0 ±
0 .2 .

Others have studied silicon oxynitride and shown that its dielectric constant also
12 24 26

varies linearly between that of silicon dioxide and silicon nitride. ’ '

Thus, comparing

our result to that of silicon dioxide and silicon nitride, with dielectric constants of 3.9 and
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7.2 , 1 2 ,1 7 ,2 4 -2 6 respectively, these silicon oxynitride films possess between 13% and 30%
nitride content. Although the range in these percentages is large, these values agree with
the AES and FTIR results.

Figure 4.19
Current-Voltage Measurements of N 2 -Implanted Silicon Oxynitride
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The leakage current through the coating was measured by apply a voltage to one side and
measuring the current at the other. At these potentials, the nitrogen-implanted silicon
oxynitride coating exhibits ohmic behavior. The resistivity of this coating was
determined to be 1 0 12 Ocm.
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Figure 4.20
Current-Voltage Measurements of Reactively-Sputtered Silicon Oxynitride
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The leakage current through the coating was measured by apply a voltage to one side and
measuring the current at the other. At these potentials, the reactively-sputtered silicon
oxynitride coating exhibits ohmic behavior. The resistivity of this coating was also
determined to be 1 0 12 ficm.
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4.6

Field Emission Performance
Since our primary motivation for studying silicon oxynitride coatings is the

suppression of field emission from large, curved stainless steel electrodes used in JLab’s
DC-field photoelectron gun, the principal criterion for determining the effectiveness of a
coating is its field emission performance during a high voltage test. A flat, 6 ” diameter,
stainless steel electrode polished with 1 pm diamond paste emits 27 pA of electron
current at electric field strengths of 15 MV/m. Previous high voltage tests have shown
that by depositing a

1

pm thick, nitrogen-implanted silicon oxynitride coating onto a

similar stainless steel electrode polished with 9 pm diamond paste, electron emission
current drastically decreases by five orders of magnitude to 167 pA at electric field
strengths of 30 MV/m. A 1 pm thick, reactively-sputtered silicon oxynitride coating
performs similarly. At electric field strengths of 30 MV/m, the sputter coated stainless
steel electrode emits an average of 300 pA of electron current. All these results can be
seen in Figure 4.21 and Figure 4.22. Therefore, based upon our large-scale tests, both
silicon oxynitride deposition procedures adequately suppress field emission from
stainless steel electrodes.
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Figure 4.21
Field Emission Results from 6 ” Electrodes
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High voltage tests of flat, polished, 6 ” diameter stainless steel electrodes show that field
emission is drastically reduced field emission from electrodes coated with silicon
oxynitride. A bare stainless steel electrode emits 27 x 106 pA (27 pA) of current at 15
MV/m. The emission current from electrodes coated with nitrogen-implanted and
reactively-sputtered silicon oxynitride is minimal at this scale. At 15 MV/m, these coated
electrodes exhibit < 25 pA of field-emitted current.
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Figure 4.22
Field Emission Results from Silicon Oxynitride-Coated Electrodes
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High voltage tests of polished stainless steel electrodes coated with silicon oxynitride
show that at 30 MV/m, the emission current is 150-300 pA. These values are 5 orders of
magnitude less current even at E-field strengths twice as large compared to a polished,
bare stainless steel electrode (27 x 106 pA at 15 MV/m).
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4.7

Modeling and Mechanism of Nitrogen Depletion in Ion Implanted Films
Quantitative TRIM calculations confirm that the zone affected by nitrogen-

implantation corresponds directly to the nitrogen-depleted region seen in the ion
implanted films. The ion range table and simulated depth profile are seen in Table 4.3
and Figure 4.23. This TRIM simulation is limited to implanting 25 keV nitrogen ions
(N2 +) into a stationary silicon dioxide layer.

Optical emission spectroscopy data

determine that several nitrogen ion species exist in the plasma, N 2 +, N+, N 2 ++, N++, and
N+++ 2 i

jn decreasing concentrations; N+ is - 8 % of the ionized species. The spectra

are shown in Figure 4.24. Thus, a simple TRIM simulation does not adequately represent
the simultaneous nitrogen ion implantation and deposition that occurs in our
implantation/deposition procedure; however, it does provide a starting point. Combining
simulations for the predominant ionized species, N2+ and N+, respectively, provides a
more accurate representation of our inductively-coupled nitrogen plasma.

TRIM

simulations showing depth profiles and collisional vacancies due to the implantation of
25 keV N2+ and N+ are shown in Figure 4.23 and Figure 4.25, respectively.

The

implantation depths do not vary significantly between the two ionized species; both
species penetrate -70 nm into the silicon dioxide surface. The atomic nitrogen species
does penetrate slightly further, 71 nm deep compared to 69 nm for dinitrogen ions.
However, since N2+ is twice the mass of N+, it causes greater damage; each incident N2+
has -10% greater probability for creating a vacancy than N+. The vacancies produced by
the collision of N 2 + and N+ with the coating are shown in Figure 4.26 and Figure 4.27,
respectively. The amount of collisional vacancies resulting from ion implantation could
explain why the nitrogen-implantation produces underdense silicon oxynitride films
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compared to reactively sputtered films. Also, since nitrogen ion implantation occurs
simultaneously with deposition, the calculated Gaussian implantation profiles would be
smoothed over time. Since ion implantation only occurs during the last four hours of
deposition, these simulations do show that nitrogen ions do not penetrate into half the
coating, confirming that the ion implanted zone possess less nitrogen.
Since one would expect that implanting nitrogen would increase the amount of
nitrogen in the sample, the observed result that implanting nitrogen decreases the amount
of nitrogen, seems counter-intuitive. However, thermodynamic calculations show that
this outcome is not only possible, but favorable. Table 4.4 shows the bond energies of
Si-O, Si-N, O2 , N 2 , and NO. The impinging 25 keV nitrogen ions have enough energy to
equally break Si-0 (4.7 eV) and Si-N (3.7 eV) bonds formed in the silicon oxynitride,
creating atomic nitrogen and oxygen. The freed nitrogen and oxygen atoms can then
react with unquenched silicon to re-form into the silicon oxynitride coating or react with
themselves to form oxygen, nitrogen, or nitric oxide gas. A reaction mechanism is listed
below:
SibOcNd + N + O -> SixOyNz + 0 2 +N2 + NO
For simplicity, the reactants are considered to be equal in number and atomic neutrals. In
actuality, the reaction is much more complicated since the reactants may vary in amount
and be excited, ionized, and bonded although they must have still have unsaturated
bonds. Three gaseous products result from the reaction (N2, O2 , NO), but these products
form at varying rates due to thermodynamic and equilibrium kinetic differences. An
RGA spectrum taken after extinguishing the nitrogen plasma, shown in Figure 4.28,
verifies that although nitrogen is the predominant species in the plasma (mass 28 and 14),
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nitric oxide (mass 30), oxygen (mass 32 and 16), hydrogen (mass 2), water (mass 18),
and carbon dioxide (mass 44) are also present in trace amounts. As seen in the RGA
spectrum of base vacuum shown in Figure 3.3, nitric oxide is not a residual chamber gas,
and therefore, it must be created by a reaction occurring in the plasma.
The formation of N 2 and O2 from their atomic species is energetically favorable.
Thermodynamics predict that N 2 will form more readily since its Gibbs free energy is
more favorable, meaning that the resulting silicon oxynitride should have less nitrogen
(y>c, z<d). The Gibbs free energies for some relevant reactions are shown in Table 4.5.
However, since there is a continuous source of neutral nitrogen (N2 ) from the feedgas
used for the plasma, equilibrium kinetics favors the formation of O2 , predicting less
nitrogen in the silicon oxynitride (y<c, z>d). Since our AES depth profiles and FTIR
spectra determine that nitrogen-implanted silicon oxynitride has less nitrogen than
reactively sputtered silicon oxynitride, we can infer that more N 2 is formed than O2 and
that the composition of the resulting silicon oxynitride has a stoichiometry of y>c and
z<d.

These data showing the reduction of nitrogen in the film, indicate that

thermodynamics, and not equilibrium kinetics, dominate the formation of the silicon
oxynitride film during nitrogen ion implantation.
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Figure 4.23
TRIM Depth Profile of 25 keV N 2 + into SiC>2
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This TRIM simulation shows that implanting 25 keV N 2 + ions, penetrates -68.7 nm with
a 25.2 nm straggle into silicon dioxide.
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Table 4.3
TRIM Stopping Range Table of N 2 + into SiC>2

Ion Energy j Range j Longitudinal Lat Straggle
(key)
| (A) _ | Straggle (A)
A
_
j _
—

5~ _ r "i43 !
262
10

¥
20
25
30

"

506
632
760

61
104
144
183
220
256

75_
103
131
159
Hcxm&SrxmivXto

186^
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Figure 4.24
Optical Emission Spectroscopy of the Nitrogen Plasma
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Optical emission spectroscopy shows that the nitrogen plasma is comprised of -92% N 2
and - 8 % N. Several ionized species are present in the plasma including N 2 +, N+, N 2 ++,
N++, and N+++ in order of decreasing concentrations. Each species has its own fingerprint
region; for N 2 +, it is between 645-790 nm, N+ between 297- 448 nm, N 2 ++ between 295 427 nm, N++ between 399-454nm, and N+++ between 336-464 nm. The complete details
of these analyses can be found in Chapman’s report. 2 7
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Figure 4.25

TRIM Depth Profile of 25 keY N+ into S i02
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This TRIM simulation shows that implanting 25 keV N+ ions, penetrates -71.2 nm with a
27.8 nm straggle into silicon dioxide.
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Figure 4.26
TRIM Collision Profile of 25 keV N2+ in S i02
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This TRIM simulation shows that implanting 25 keV N2+ ions into silicon dioxide into
silicon dioxide creates vacancies due to the resulting collisions. The probability of
creating a vacancy varies as a function of depth. In this case, the maximum probability of
a collision creating a vacancy occurs at ~50 nm into the coating.
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Figure 4.27
TRIM Collision Profile of 25 keV N* into SiC>2
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This TRIM simulation shows that implanting 25 keV N+ ions into silicon dioxide creates
vacancies due to the resulting collisions. The probability of creating a vacancy varies as
a function of depth. In this case, the maximum probability of a collision creating a
vacancy occurs at -35 nm into the coating.
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Table 4.4
Bond Energies of Relevant Species
Bond

Bond Energy
(kJ/mol)
355
452
494
607
942

Si-N
Si-0
0 = 0

N =0
N=N

Table 4.5
Gibb’s Free Energies of Potential Reactions
Reaction
0 2 ^

2 0

N 2 ->2N
Si + 0 2 -> Si0 2
3Si + 2N 2 -> Si3 N 4
N + 0 -> NO

AG
(kJ/mol)
463.4
911
-856.3
-780
87.6
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Figure 4.28
RGA Spectrum After Extinguishing N 2 -Plasma
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An RGA spectrum (a) taken after the nitrogen plasma was extinguished at a pressure of
1.67 x 10' Torr shows that the predominant gases remaining in the vacuum are water,
nitrogen, oxygen, carbon dioxide, and hydrogen. The peaks are identified in (b) along
with their partial pressures. The decrease in the water peak is due to the heat generated
by the plasma. Nitric oxide, M30, is now present in the chamber in a small amount,
resulting from a reaction in the plasma.
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4.8

Conclusions
Based on the results from all the characterization techniques, we conclude that

although the silicon oxynitride coatings produced by the plasma immersion ion
implantation and reactive sputtering deposition procedures have slightly different
compositions, electrically they are very similar.
have resistivities of 10

1

9

Both methods produce coatings that

fl cm and dielectric constants between 4.8-5.0, and that

dramatically reduce field emission from microamps (10’ 6 A) of current at 15 MV/m to
i^

picoamps (10‘ A) at 30 MV/m. The reactively sputtered silicon oxynitride has more
nitrogen, -18% nitrogen while the ion implanted/deposited silicon oxynitride has -

1 2

%

nitrogen. Both deposition procedures produced films with 1.5% hydrogen, significantly
less than traditional PECVD approaches that yield 3% - 30% hydrogen incorporation . 16
XPS and FTIR confirmed that both nitrogen and oxygen are bonded only to silicon. The
density of the reactively sputtered layer is higher than that of the ion implanted/deposited
layer, corresponding to more nitrogen content present in the reactively sputtered film as
shown by AES and FTIR results and vacancies generated by ion implantation as
calculated by TRIM.
Since the reactive sputtering deposition procedure can coat large, contoured,
three-dimensional surfaces without generating arcs, we expect that this silicon oxynitride
coating will adequately suppress field emission from the electrodes used in JLab’s DCfield photoelectron gun. However, the nature of electron injector guns is complex due to
the “Total Voltage Effect, ” 2 8 ' 3 0 i.e., the secular reduction of the measured breakdown
fields as the gun voltage is increased. For large-gap, parallel-plane high voltage tests,
this phenomenon has been suggested to follow V a (i f where d is the gap width in mm
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and a is between 0.5-0.6 . 3 0 Since the gap width in JLab’s electron injector gun at the
highest electric field is >60 mm, its breakdown voltage should be about five times larger
than the breakdown voltage in the 4 mm flat electrode test, meaning the electron gun
should test to 600 kV without significant field emission (< 500 pA). However, full-scale,
long-time testing in the actual DC-field photoelectron gun is required to confirm the
genuine utility of this coating material and process for widespread use in accelerators or
high-voltage switch gear.
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CHAPTER 5
Electron Emission Modeling

5.1

Introduction
Ever since the discovery of the electron in the latter part of the 19th century, the

phenomenon of field emission from the surface of materials has been extensively
researched.

Although a consistent field emission model from infinite, planar metal

1 T
surfaces has been adequately described by Fowler-Nordheim, ' one comprehensive

model describing electron emission from dielectrics has been elusive due to a
combination of variables including crystal structure, electron affinity, electron mobility,
band gap, and electrical resistivity. Several models were briefly summarized in Chapter
2. The goal of this chapter is to present a viable mechanism for field emission from
silicon oxynitride.

5.2

Validation of Fowler-Nordheim Theory for Metals
Numerous people have verified the original theory of field emission from metals

proposed by Fowler and Nordheim . 1' 4 A summary of their derivation was presented in
Chapter 2. The Fowler-Nordheim (FN) equation is
J = [e / ( 8 Ti0 h t2(y) )] (F2) exp [-(8 n (2m)m 0 3/2) / (3 h e F) v(y)]
where J (A/m2) is the field emission current density, e and m are the charge and mass of
i o

the electron, h is Planck’s constant, and 0 is the work function of the material. ‘
136
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Plugging in the constants and approximating the Nordheim elliptic functions, v(y) and
t(y), to be ~1 , 2 the FN equation can be simplified to
J = [1.54 x l a 6 (PE)2 /<p ] exp [- 6.83 x 109 (<pf2 / (PE)]
'y

where J (A/m ) is field-emitted current, <p (eV) is the work function of the metal, and E
(V/m) is the applied electric field.

12
1

Since J and E are measured by the experimental setup, the validity of the FowlerNordeim equation is determined by examining a Fowler-Nordheim plot of ln(J/E2)
against 1/E. The resulting straight line should have a slope,
m = - 6.83 x lO 9 (<pf2 / (p)

K3

from which the work function (<p) and the field enhancement factor (J3)can be estimated.
In the limit of an ideal planar conductor, P -> 1, and the slope can be used as a direct
measure of the surface work function.
The field emission results from the high voltage test of a flat,

6

” diameter

polished stainless steel electrode is seen in Figure 5.1, and its corresponding FowlerNordheim plot is seen in Figure 5.2. As expected, the Fowler-Nordheim plot of our field
emission results in a straight line, possessing a slope of -2 x 1010. Assuming that the
work function (<p) of stainless steel is 4.1 eV , 5 ,6 the field enhancement factor (fi) is
calculated to be a reasonable value, namely 2.84.

However, this factor holds less

physical meaning since it is an average of all the enhancement factors from every
emission point on the large area, stainless steel electrode.
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Figure 5.1
Field Emission Results from a Polished, Bare Stainless Steel Electrode
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This field emission test shows that a flat, 6 ” diameter, stainless steel electrode, polished
with 1 pm diamond paste, exhibits 27 x 106 pA (27 pA) of emission current at 15 MV/m.
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Figure 5.2
Fowler-Nordheim Plot of Field Emission from Bare Stainless Steel
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The FN plot of the field emission results from the stainless steel electrode is linear,
showing that bare stainless steel follows Fowler-Nordheim theory of field emission.
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5.3

Field Emission from Silicon Oxynitride Coated Stainless Steel

5.3.1

Fowler-Nordheim Theory Does Not Apply
Although FN-theory can accurately predict field emission from metal surfaces, it

cannot be applied to dielectric surfaces. One of the main assumptions in its derivation is
the free electron theory wherein the electron density, and therefore the potential barrier,
does not vary with position on the surface. Although correction terms have been derived
to permit the application of FN-theory to semiconductors, 1 insulators have not been wellmodeled by this theory.
Experimentally, the field emission results from silicon oxynitride-coated
electrodes verify the ineffectiveness of FN-theory to model electron emission from
dielectric coatings.

The field emission results of nitrogen-implanted and reactively

sputtered silicon oxynitride are shown in Figure 5.3, and their respective FN-plots are
shown in Figures 5.4 and 5.5. As expected, the FN-plots are not linear, and so the field
emission behavior of silicon oxynitride coatings is not described by FN-theory. As a
caveat, FN-theory has been applied to some thin dielectric coatings (<300 nm) on metals
7 10

with surfaces possessing features having large electric field enhancements (^-factors). '

However, the dielectric layer is considered passive, functioning as a protective layer
rather than an electron source.
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Figure 5.3
Field Emission Results from Silicon Oxynitride-Coated Stainless Steel Electrodes

Field Emission Results
Coated Electrodes
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Sputtered SiON
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High voltage tests of flat, 6 ” diameter, stainless steel electrodes coated with nitrogenimplanted and reactively sputtered silicon oxynitride showed similar field emission
performance. The electrode coated with nitrogen-implanted silicon oxynitride exhibited
167 pA of emission current at 30 MV/m, while the electrode coated with reactively
sputtered silicon oxynitride exhibited 300 pA of current at 30MV/m. Both underlying
stainless steel electrodes were polished with 9 pm diamond paste.
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Figure 5.4
Fowler-Nordheim Plot of Field Emission from
N 2 -Implanted Silicon Oxynitride Coating
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The Fowler-Nordheim plot of the field emission results from the electrode coated with
nitrogen-implanted silicon oxynitride is non-linear, showing that this coating does not
follow the Fowler-Nordheim theory of electron emission.
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Figure 5.5
Fowler-Nordheim Plot of Field Emission from
Reactively-Sputtered Silicon Oxynitride Coating
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The Fowler-Nordheim plot of the field emission results from the electrode coated with
reactively sputtered silicon oxynitride is also non-linear, showing that this coating does
not follow the Fowler-Nordheim theory of electron emission.
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5.3.2

Schottky Emission and Poole-Frenkel Emission Models
Several groups have studied electron emission and electrical conduction
1 i

mechanisms in silicon oxide and silicon nitride films. '

They have described their

results using either the Poole-Frenkel or Schottky emission models.

Although both

models predict emission current with an equation possessing the form , 1 1 ' 1 5 ,1 7 ' 1 9 ,2 1 ' 2 3
J = a exp ( fiI f0'5)
the two models differ in their scientific meaning.
The Schottky model is derived from the Richardson-Dushmann equation
describing thermionic emission,
J = A T 2 exp (-(p/kT),
where k is Boltzmann’s constant, A is Richardson’s constant, T is temperature in Kelvin,
and cp is the surface energy barrier defined as the work function of the metal.

In

thermionic emission, free electrons in a metal move with a velocity distribution. Thus,
some electrons may have enough energy to surpass the surface work function of the
metal. However, in the presence of an electric field and image forces, this work function
barrier is lowered and thinned. The Schottky emission equation corrects for these terms
and is sometimes called the field-enhanced thermionic emission equation. The Schottky
emission equation is
Js = A T 2 exp (-(p/kT) exp [((e3Ec)/(4 tlKs 0))05 / kT]
and at high electric fields is sometimes written as
Js = Jo exp[(PsEc0J) / ( k T ) ]
where Ec is the electric field strength and J„ is a constant. If experimental emission is the
result of Schottky emission, a plot of In J vs.

5

should be a straight line. Moreover,
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several groups have shown that the Schottky emission mechanism is not limited to
metals. 1 2 ’ 13’ 17
However, the Poole-Frenkel emission equation also predicts an equation where
the corresponding plot of In J vs. Ec0'5 is also a straight line. The Poole-Frenkel model
does not assume free electrons.

Instead, it builds a theory around structural defects

within a material. These defects create electron traps, additional energy states close to
the band edge. These traps restrict current flow by capturing and releasing electrons as
they move through the film. The “hopping” of electrons through a dielectric film has
been described with the Poole-Frenkel equation,
J pf = cr0 exp [(PpfEl05) / (2kT)J
where
p PF= [e3 / (ttSoR)]05

where K represents the high-field dielectric constant and a0 is the low field conductivity,
usually proportional to voltage. Since this electron emission equation closely resembles
the Schottky emission equation, it is sometimes called the internal Schottky equation
since current is limited by the bulk, whereas current in the Schottky equation is limited by
the surface of the electrode. 1 4 ’ 1 7 ' 19
The field emission results taken from high voltage tests of 6 ” diameter electrodes
coated with nitrogen-implanted silicon oxynitride and reactively sputtered silicon
oxynitride are shown in Figure 5.3. Their respective I n J y s. Ec0'5 plots are straight lines,
shown in Figure 5.6 and Figure 5.7, showing agreement between the both Schottky and
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Poole-Frenkel electron emission models. Thus, we can conclusively say that electron
emission from our samples follows the form
J ~ C exp [D (Ec 5)]
where C and D are fixed values.
We cannot yet distinguish which model best applies to our coatings; however,
both these models predict similar qualitative material properties. For example, in both
models increasing the dielectric constant of the insulating material reduces the amount of
19 13 17 1 R 9 9 93

electron emission, ’ ’ ’ ’ ’ and increasing the surface barrier potential energy, known
as the electron affinity for insulators and known as the work function for metals, also
decreases electron emission. The differences between these models are so subtle that
only extensive testing can determine which applies. In any event, process control of the
composition and electrical properties of silicon oxynitride coatings also yields better field
emission suppression by probably modulating the dielectric function and the density of
defects in the layer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

147

Figure 5.6
Schottky/Poole-Frenkel Plots of Electron Emission from
N 2 -Implanted Silicon Oxynitride Coating

chottky/Poole-Frenkel Plot
N2-implanted SiON

y = 0 .0 0 2 1 x - 3 4 .1 7 5
R = 0 .9 0 5

00E +0

.5 0 E + 0 3 S 5 .0 0 E + 0 3

.50E +0

00E + 03

|
Schottky/Poole-Frenkel Plot
N2-implanted SiON (Error Removed

y = 0.0029X - 3 8 .5 5 8

.00E+0:

.50E + 03

5 0 0 E + 0 * 5 .5 0 E + 0 :

EA(0.5)j

'.00E+03

fflg j

The Schottky/Poole-Frenkel plot of all the electron emission results from the electrode
coated with nitrogen-implanted silicon oxynitride is relatively linear. After removing the
data points with large variations (>75% error), the plot (below) becomes linear, showing
that this implanted coating fits these emission models.
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Figure 5.7
Schottky/Poole-Frenkel Plots of Electron Emission from
Reactively-Sputtered Silicon Oxynitride Coating
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Similarly, The Schottky/Poole-Frenkel plot of all the electron emission results from the
electrode coated with reactively sputtered silicon oxynitride is also relatively linear.
After removing the data points with large variations (>75% error), the plot (below)
becomes linear, showing that this coating fits these emission models.
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5.4

Future Work
Future fundamental studies would be useful to resolve which electron emission

process governs field emission from the silicon oxynitride coatings, Schottky emission or
Poole-Frenkel emission.

One difference in their respective current equations is the

multiplying term of the exponential factor. In the Schottky emission model, current has a
thermionic component proportional to temperature squared,
J s-fe x p (fh E 05),
similar to the Richardson-Dushmann equation for thermionic emission. However, in the
Poole-Frenkel emission model, which is essentially a series of tunneling events,
temperature is far less important, and current decreases with increasing temperature.
Finally, for Poole-Frenkel emission, current is proportional to the low field conductivity,
Jpf

~ fi 0e x p ( f i p r E ? >5) ,

which can be extracted from the current-voltage measurements made in Chapter 5
Section 5.5. Thus, a method to distinguish between these models would be to perform
high voltage tests of silicon oxynitride coated stainless steel electrodes at a series of
temperatures and applied fields.

For example, if the Schottky emission mechanism

governed electron emission from silicon oxynitride films, then a high voltage test at
elevated temperatures should exhibit orders of magnitude more current at high (>15
MV/m) electric field strengths, while for Poole-Frenkel emission, elevated temperatures
reduces the current at fixed electric fields. 11 ’15’23
Others performing small-scale studies of silicon oxide and silicon nitride films
have differentiated between the Schottky emission and Poole-Frenkel emission
mechanisms by calculating the high-frequency dielectric constant, K, using their
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respective exponential factors, p, which can be determined by the slope of the InJ vs E0'5
plot. Between the two models, this factor varies by a factor of two,
p PF = [e3/(7te0K ) f 5
and
Ps=[e3/(47ce0K ) f 5.
The high frequency dielectric constant should fall into a “reasonable” (between 2-8)
range for silicon oxynitride, which would then determine which model was more
accurate.

The high-frequency dielectric constant can also be verified using high

capacitance-voltage techniques. However, in practice, small variations of field-emitted
current during high voltage testing can drastically change the calculated high-frequency
dielectric constant since the theoretical slopes only vary by a factor of two. Thus, to
accurately determine which model describes electron emission from silicon oxynitride
coatings, high voltage tests of a series of samples would be required.
Future work on the material itself would include systematically varying the
composition of the coating. With the current deposition technique, the composition of
the silicon oxynitride film can be controlled from 15-30% Si-N content by varying the
nitrogen plasma pressure. Thus, stoichiometry of the silicon oxynitride coating can be
altered or controlled to further reduce field emission. For example, we could deposit a
“gradient” silicon oxynitride coating. The stoichiometry of the coating would vary as a
function of depth, i.e. the amount of Si-N content in the film could be adjusted as the
coating is being deposited. According to both electron emission models, field emission
could be reduced by increasing the dielectric constant and the surface electron affinity of
the insulating coating. Increasing the silicon nitride content in a silicon oxynitride film
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increases the dielectric constant, 2 4 ' 2 6 and increasing the oxide content in a silicon
97 9£

oxynitride film increases the surface potential barrier (the equivalent of (p in metals), ’

thereby reducing field-emitted current. If this “gradient” coating shows promise, the
deposition technique could be modified to increase the range of Si-N content present in
the oxynitride coating. Thus, the silicon oxynitride coating would utilize the benefits of
both silicon nitride and silicon oxide to become an even better field emission suppression
coating.

5.5

Conclusions
We have successfully shown that field emission from polished stainless steel was

greatly reduced by our silicon oxynitride coating.

This nitrogen-implanted silicon

oxynitride coating successfully suppressed field emission for samples having varying
surface polishes, thereby potentially eliminating the need for time-consuming, laborintensive polishing practices.

However, in the first tests on large, three-dimensional

electrodes, the high-voltage nitrogen-implantation deposition procedure generated arcs
that severely damaged the surface. Even though arcs predominantly occured only on one
region of the tube, the result was unrepeatable and unreliable field emission suppression
performance.
A novel, reactive sputtering procedure to deposit silicon oxynitride coatings,
without high-voltage pulsing of the substrate, was developed and characterized.

The

composition of the resulting silicon oxynitride coating can be controlled by varying the
nitrogen plasma pressure. Raising the RF-power increases the deposition rate without
changing the stoichiometry. By eliminating ion implantation, large, contoured electrodes
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were successfully coated without generating even a single arc.

Thus, this procedure

proves to be the better solution for coating large electrode structures where any surface
defect causes a breakdown cascade, as is the case for the very high voltages used in DCfield photoelectron guns.
We also compared the composition of the coatings produced by nitrogen
implantation/deposition and reactive sputtering. Both procedures produce coatings that
consist of oxygen and nitrogen bonded solely to silicon to form silicon oxynitride.
Although nitrogen ion implantation decreases the amount of nitrogen and reduces the
density of the oxynitride coating, these changes do not significantly alter the electrical
properties of the film. In short, both deposition procedures produce similar coatings that
dramatically reduce field-emitted current from flat, stainless steel electrodes.
The electron emission from our silicon oxynitride films was characterized. Both
procedures produce coatings that fit both Schottky and Poole-Frenkel electron emission
mechanisms. The emitted electron current fits the equation
J ~ C e x p (B E 115).
Since both models predict that increasing the dielectric constant and electron affinity of
silicon oxynitride coatings will further reduce field emission, we have determined two
fundamental material properties that will suppress field emission from electrodes coated
with silicon oxynitride. Increasing the Si-N content in silicon oxynitride is known to
increase is dielectric constant, 2 4 ' 2 6 whereas silicon oxynitride with more Si-O content
possesses a higher electron affinity 2 7 ,2 8

These predictions may direct future efforts

investigating “gradient” silicon oxynitride coatings without having to perform extensive
high voltage testing.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

153

5.6

References

1

R. Gomer, Field Emission and Field Ionization. American Institute of Physics,
New York, 1993.

2

R.J. Noer, "Electron Field Emission from Broad-Area Electrodes."
Physics A, 28, p. 1-24, 1982.

3

P.EL Cutler, J. He, N.M. Miskovsky, T.E. Sullivan, and B. Weiss, "Theory of
electron emission in high fields from atomically sharp emitters: Validity of the
Fowler-Nordheim equation." Journal o f Vacuum Science & Technology B, 11
(2), p. 387-391, 1993.

4

K.L. Jensen, "Improved Fowler-Nordheim equation for field emission from
semiconductors." Journal o f Vacuum Science & Technology B, 13 (2), p. 516521, 1995.

5

J.C. Riviere, in Solid State Surface Science, edited by I.M. Green (I.M. Dekker,
New York, 1969), Vol. 1, pp. 179.

6

7

8

Applied

N.A. Surplice and R.J. Darcy, "Reduction in the Work-Function of Stainless Steel
By Electric Fields." Journal o f Physics F: Metal Physics, 2 (1), p. L 8 - L10,
1972.
M.S. Mousa and D.B. Hibbert, "Field Emission of Electrons from Glass Tips with
Internal Conducting Coats." Journal o f Physics D: Applied Physics, 26, p. 697703, 1993.
R.V. Latham and M.S. Mousa, "Hot electron emission from composite metalinsulator micropoint cathodes." Journal o f Physics D: Applied Physics, 19, 1986.

9

V.V. Zhirnov, G.J. Wojak, W.B. Choi, J.J. Cuomo, and J.J. Hren, "Wide Band
Gap Materials For Field Emission Devices." Journal o f Vacuum Science &
Technology A, 15 (3), p. 1733-1738, 1997.

10

R. Schlesser, M.T. McClure, B.L. McCarson, and Z. Sitar, "Bias Voltage
Dependent Field-Emission Energy Distribution Analysis of Wide Band-Gap Field
Emitters." Journal o f Applied Physics, 82 (11), p. 5763-5772, 1997.

11

J. Frenkel, "On Pre-Breakdown Phenomena in Insulators and Electronic SemiConductors." Physical Review, 54, p. 647-648, 1938.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

154

12

I.T. Johansen, "Electrical Conductivity in Evaporated Silicon Oxide Films."
Journal o f Applied Physics, 37 (2), p. 499-507, 1966.

13

T.E. Hartman, J.C. Blair, and R. Bauer, "Electrical Conduction through SiO
Films." Journal o f Applied Physics, 37 (6 ), p. 2468-2474, 1966.

14

J.G. Simmons, "Poole-Frenkel Effect and Schottky Effect in Metal-InsulatorMetal Systems." Physical Review, 155 (3), p. 657-660, 1967.

15

M. Stuart, "Conduction in silicon oxide films." British Journal o f Applied Pysics,
18, p. 1637-1640, 1967.

16

S.M. Sze, "Current Transport and Mazimum Dielectric Strength of Silicon Nitride
Films." Journal o f Applied Physics, 38 (7), p. 2951-2956, 1967.

17

P. Mark and T.E. Hartman, "On Distinguishing between Shottky and PooleFrenkel Effects in Insulators." Journal o f Applied Physics, 39 (4), p. 2163-2164,
1968.

18

B. Swaroop and P.S. Schaffer, "Conduction in silicon nitride and silicon nitrideoxide films." Journal Physics D: Applied Physics, 3, 1970.

19

M. Ieda, G. Sawa, and S. Kato, "A Consideration of Poole-Frenkel Effect on
Electric Conduction in Insulators." Journal o f Applied Physics, 42 (10), p. 37373740, 1971.

20

S. Manzini and F. Volonte, "Charge transport and trapping in silicon nitridesilicon dioxide dielectric double layers." Journal o f Applied Physics, 58 (11), p.
4300-4306, 1985.

21

W.R. Harrell and J. Frey, "Observation of Poole-Frenkel effect saturation in Si02
and other insulating films." Thin Solid Films, 352, p. 195-204, 1999.

22

A.K. Jonscher, "Electronic Properties of Amorphous Dielectric Films."
Solid Films, 1 (3), p. 213-234, 1967.

23

C.A. Mead, "Electron Transport Mechanism in Thin Insulating Films." Physical
Review (II), 128 (5), p. 2088-2093, 1962.

24

X. Guo, "Tunneling Leakage Current in Oxynitride:
Dependence on
Oxygen/Nitrogen Content." IEEE Electron Device Letters, 19 (6 ), p. 207-209,
1998.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Thin

155

25

T.S. Eriksson and C.G. Granqvist, "Infrared optical properties fo silicon
oxynitride films: Experimental data and theoretical interpretation." Journal o f
Applied Physics, 60 (6 ), p. 2081-2091, 1986.

26

O. Buiu, G.P. Kennedy, M. Gartner, and S. Taylor, "Structural Analysis of Silicon
Dioxide and Silicon Oxynitride Films Produced Using an Oxygen Plasma." IEEE
Transactions on Plasma Science, 26 (6 ), p. 1700-1712, 1998.

27

L.F. Mao, "The effective mass issues in light nitride silicon oxide."
Semiconductor, Science, and Technology, 20, p. 1078-1082, 2005.

28

J. Robertson, "Band offsets of wide-band-gap oxides and implications for future
electronic devices." Journal o f Vacuum Science and Technology B, 18 (3), p.
1785-1791,2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

156

BIBLIOGRAPHY

1

"Buehler Product Catalog,"
http://www.buehler.com/productinfo/2005CBG/grinding polishingl.pdf.

2

A. Anders, Handbook o f Plasma Immersion Ion Implantation and Deposition.
John Wiley & Sons, Inc., New York, 2000.

3

K.H. Bayliss and R.V. Latham, "An Analysis of Field-Induced Hot-Electron
Emission from Metal-Insulator Microstructures on Broad-." Proceedings o f the
Royal Society o f London. Series A, Mathematical and Physical Sciences, 403
(1825), p.285-211, 1986.

4

J.M. Bonard, H. Kind, T. Stockli, and L. Nilsson, "Field Emission from Carbon
Nanotubes: The First Five Years." Solid-State Electronics, 45, p.893-914, 2001.

5

J.H. Booske, L. Zhang, W. Wang, K. Mente, N. Zjaba, C. Baum, and J.L. Shohet,
"Nitrogen Plasma Source Ion Implantation for Corrosion Protection of Aluminum
6061-T4." Journal o f Materials Research, 12 (5), p.1356-1366, 1997.

6

7

8

C.A. Brau, Free-Electron Lasers. Academic Press, San Diego, 1990.
D.M. Brown, P.V. Gary, F.K. Heumann, H.R. Philipp, and E.A. Taft, "Properties
of SixOyNz films on Si." Journal o f the Electrochemical Society, 115 (3), p.311,
1968.
C.R. Brundle, J.C.A. Evans, and S. Wilson, Encyclopedia o f Materials
Characterization: Surfaces, Interfaces, Thin Films. Butterworth-Heinemann,
Boston, 1992.

9

O. Buiu, G.P. Kennedy, M. Gartner, and S. Taylor, "Structural Analysis of Silicon
Dioxide and Silicon Oxynitride Films Produced Using an Oxygen Plasma." IEEE
Transactions on Plasma Science, 26 (6 ), p.1700-1712, 1998.

10

E. Chapman, "UV Spectroscopy of a Nitrogen Plasma." 2001.

11

F.F. Chen, Introduction to Plasma Physics and Controlled Fusion, Second
Edition ed. Plenum Press, New York, 1984.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

157

12

W.B. Choi, J. Liu, M.T. McClure, A.F. Myers, V.V. Zhirnov, J.J. Cuomo, and J.J.
Hren, "Field Emission from Diamond Coated Molybdenum Field Emitters."
Journal o f Vacuum Science & Technology B, 14 (3), p.2050-2055, 1996.

13

P.H. Cutler, J. He, N.M. Miskovsky, T.E. Sullivan, and B. Weiss, "Theory of
Electron Emission in High Fields from Atomically Sharp Emitters: Validity of the
Fowler-Nordheim Equation." Journal o f Vacuum Science & Technology B, 11
(2), p.387-391, 1993.

14

S.S. Dang and C.G. Takoudis, presented at the Sceond International Conference
on Modeling and Simulation of Microsystems, Semiconductors, Sensors and
Actuators, San Juan, Puerto Rico, 1999.

15

P.N.K. Deenapanray, W.E. Meyer, and F.D. Auret, "Electric-Field-Enahanced
Emission and Annealing Behaviour of Electron Traps Introduced in n-Si by LowEnergy He Ion Bombardment." Semiconductors, Science, and Technology, 14,
p.41-47, 1999.

16

W.T. Diamond, "New Perspective in Vacuum High Voltage Insulation. I. The
Transition to Field Emission." Journal o f Vacuum Science and Technology A, 16
(2), p.707-719, 1998.

17

S. Dreer, "Quantitative Analysis of Silicon- and Aluminum-OxynitrideFfilms
with EPMA, SIMS, hf-SNMS, hf-GD-OES and FT-IR." Fresenius Journal o f
Analytical Chemistry, 365, p.85-95, 1999.

18

H.F. Dylla, D.M. Manos, and P.H. LaMarche, "Correlation of Outgassing of
Stainless Steel and Aluminum." Journal o f Vacuum Science and Technology A,
11 (5), p.2623-2636, 1993.

19

P. Echlin, C.E. Fiori, J. Goldstein, D.C. Joy, and D.E. Newbury, Advanced
Scanning Electron Microscopy and X-ray Microanalysis, 1 ed. Springer, 1986.

20

K.A. Ellis and R.A. Buhrman, "Nitrous Oxide (N20) Processing for Silicon
Oxynitride Gate Dielectrics." IBM Journal o f Research and Development, 43 (3),
p.287-300, 1999.

21

D.A. Engwall, "High-Brightness Electron Beams from a DC, High-Voltage, GaAs
Photoemission Gun." Ph.D. Thesis, University of Illinois at Urbana-Champaign,
1998.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

158

22

T.S. Eriksson and C.G. Granqvist, "Infrared Optical Properties fo Silicon
Oxynitride Films: Experimental Data and Theoretical Interpretation." Journal o f
Applied Physics, 60 (6 ), p.2081-2091, 1986.

23

G.B. Frazier, "Pulsed Elecrtron Field Emission from Prepared Conductors."
IEEE, Proceedings o f the 2nd International Pulsed Power Conference p.127-131,
1979.

24

J. Frenkel, "On Pre-Breakdown Phenomena in Insulators and Electronic SemiConductors." Physical Review, 54, p.647-648, 1938.

25

S.D. Ganichev, E. Ziemann, W. Prettl, I.N. Yassievich, A.A. Istratov, and E.R.
Weber, "Distinction Between the Poole-Frenkel and Tunneling Models of
Electric-Field-Stimulated
Carrier
Emission
from
Deep
Levels
in
Semiconductors." Physical Review B, 61 (15), p .10361-10365, 2000.

26

C.H. Garcia, "Photoelectric Field Emission from Needle Cathodes Induced by
CW and Pulsed Lasers." Vanderbilt.

27

E.L. Garwin and M. Rabinowitz, "Thin Dielectric Films in Superconducing
Cavities." ArXiv:physics/0307054, 1971.

28

E.L. Garwin and M. Rabinowitz, "Thin Film Dielectric Power Losses in
Superconducting Cavities." SLAC-TN-71-9, 1971.

29

M.W. Geis, N.N. Efremow, K.E. Krohn, J.C. Twichell, T.M. Lyszczarz, R.
Kalish, J.A. Greer, and M.D. Tabat, "A New Surface Electron-Emission
Mechanism in Diamond Cathodes." Nature, 393, p.431-435, 1998.

30

M.W. Geis, N.N. Efremow, J.D. Woodhouse, M.D. McAleese, D.G. Socker, and
J.F. Hochedez, "Diamond Cold Cathode." IEEE Electron Device Letters, 12 (8 ),
1991.

31

M.W. Geis and J.C. Twichell, "Hole Traps in Natural-II b Diamond."
transactions on Electron Devices, 1997.

32

M.W. Geis, J.C. Twichell, N.N. Efremow, K. Krohn, and T.M. Lyszczarz,
"Comparison of Electric Field Emissionffom Nitrogen-Doped, Type lb Diamond
and Boron-Doped Diamond." Applied Physics Letters, 6 8 (16), p.2294-2296,
1996.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

IEEE

159

33

M.W. Geis, J.C. Twichell, and T.M. Lyszczarz, "Diamond Emitters Fabrication
and Theory." Journal o f Vacuum Science & Technology B, 14 (3), p.2060-2067,
1996.

34

M.W. Geis, J.C. Twichell, and T.M. Lyszczarz, "Fabrication and Theory of
Diamond Emitters." The Lincol Laboratory Journal, 8 (2), p. 161-172, 1995.

35

P.K. Ghosh, Introduction to Photoelectron Spectroscopy. John Wiley & Sons,
New York, 1983.

36

R. Gomer, Field Emission and Field Ionization. American Institute of Physics,
New York, 1993.

37

V.A. Gritsenko, N.D. Dikovskaja, and K.P. Mogilnikov, "Band Diagram and
Conductivity of Silicon Oxynitride Films." Thin Solid Films, 51, p.353, 1978.

38

R. Guo, T. Ooi, Y. Kurata, T. Inokuma, and S. Hasegawa, "Structural and Electric
Properties of Ultrathin SiOxNy Layers with Posttreatment in N2 Plasma."
Journal o f Applied Physics, 96 (11), p.6409-6414, 2004.

39

X. Guo, "Tunneling Leakage Current in Oxynitride:
Dependence on
Oxygen/Nitrogen Content." IEEE Electron Device Letters, 19 (6 ), p.207-209,
1998.

40

F.H.P.M. Habraken, R.H.G. Tijhaar, W.F. vanderWeg, A.E.T. Kulper, and M.F.C.
Willemsen, "Hydrogen in Low-Pressure Chemical-Vapor-Deposited Silicon
(Oxy)Nitride Films." Journal o f Applied Physics, 59 (2), p.447-453, 1986.

41

W.R. Harrell and J. Frey, "Observation of Poole-Frenkel Effect Saturation in
Si02 and Other Insulating Films." Thin Solid Films, 352, p. 195-204, 1999.

42

T.E. Hartman, J.C. Blair, and R. Bauer, "Electrical Conduction through SiO
Films." Journal o f Applied Physics, 37 (6 ), p.2468-2474, 1966.

43

J. He, P.H. Cutler, and N.M. Miskovsky, "Generalization of Fowler-Nordheim
field emission theory for nonplanar metal emitters." Applied Physics Letters, 59
(13), p.1644-1646, 1991.

44

L. He, T. Inokuma, and S. Hasegawa, "Properties of "Stoichiometric" Silicon
Oxynitride films." Japanese Journal o f Applied Physics, 35 (2b), 1996.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

160

45

C. Hernandez, T. Wang, T. Siggins, D. Bullard, H.F. Dylla, C. Reece, N.D.
Theodore, and D.M. Manos, "DC Field Emission Analysis of GaAs and PlasmaSource Ion-Implanted Stainless Steel." Journal o f Vacuum Science & Technology
A, 21 (4), p.l 115-1119, 2003.

46

J. Hopwood, C.R.G.S.J. Whitehair, and J.J. Cuomo, "Langmuir Probe
Measurements of a Radio Frequency Induction Plasma." Journal o f Vacuum
Science and Technology A, 11 (1), p.152-156, 1993.

47

Z.H. Huang, P.H. Cutler, N.M. Miskovsky, and T.E. Sullivan, "Calculation of
Electron Field Emission from Diamond Surfaces." Journal o f Vacuum Science &
Technology B, 13 (2), p.526-530, 1995.

48

Z.-H. Huang, P.H. Cutler, N.M. Miskovsky, and T.E. Sullivan, "Theoretical Study
of Field Emission from Diamond." Applied Physics Letters, 65 (20), p.25622564,1994.

49

R.E. Hurley, "Electrical Phenomena Occuring at the Surface of Electrically
Stressed Metal Cathodes. II. Identification of Electroluminescent (k-spot)
Radiation with Electron Emission on Broad Area Cathodes." Journal o f Physics
D: Applied Physics, 12, p.2247-2252, 1979.

50

M. Ieda, G. Sawa, and S. Kato, "A Consideration of Poole-Frenkel Effect on
Electric Conduction in Insulators." Journal o f Applied Physics, 42 (10), p.37373740, 1971.

51

L. Jedynak, "Vacuum Insulation of High Voltages Utilizing Dielectric Coated
Electrodes." Journal o f Applied Physics, 35, p. 1727, 1964.

52

K.L. Jensen, "Improved Fowler-Nordheim Equation for Field Emission from
Semiconductors." Journal o f Vacuum Science & Technology B, 13 (2), p.516521, 1995.

53

I.T. Johansen, "Electrical Conductivity in Evaporated Silicon Oxide Films."
Journal o f Applied Physics, 37 (2), p.499-507, 1966.

54

A.K. Jonscher, "Electronic Properties of Amorphous Dielectric Films."
Solid Films, 1 (3), p.213-234, 1967.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Thin

161

55

P. Kneisel, O. Stoltz, and J. Halbritter, Proceedings o f the National Particle
Accelerator Conference, 1971.

56

R. Latham, High Voltage Vacuum Insulation: Basic Concepts and Technological
Practice. Academic Press, New York, 1995.

57

R.V. Latham and E. Braun, "Electron Optical Observations of Cathode
Protrusions Formed During Pre-Breakdown Conditioning." Journal o f Physics D:
Applied Physics, 1, p.1731-1735, 1968.

58

R.V. Latham and M.S. Mousa, "Hot Electron Emission from Composite MetalInsulator Micropoint Cathodes." Journal o f Physics D: Applied Physics, 19,
1986.

59

Z. Li, W. Wang, S. Deng, N. Xu, and G. Huang, "Field-Induced Insulator to
Semimetal Transition and Field Electron Emission of Nanorods of
Semiconductors of Wide Energy Band Gaps." arXiv:cond-mat\0511418, 1, p.1-4,
2005.

60

M.A. Lieberman and A.J. Lichtenberg, Principles o f Plasma Discharges and
Materials Processing. John Wiley & Sons, Inc., New York, 1994.

61

J. Liu, V.V. Zhirnov, A.F. Myers, G.J. Wojak, W.B. Choi, J.J. Hren, and S.D.
Wolter, "Field Emission Characteristics of Diamond Coated Silicon Field
Emitters." Journal o f Vacuum Science & Technology B, 13 (2), p.422-426, 1995.

62

Y. Ma and G. Lucovsky, "Deposition of Single Phase, Homogeneous Silicon
Oxynitride by Remote Plasma-Enhanced Chemical Vapor Deposition, and
Electrical Evaluation in Metal-Insulator-Semiconductor Devices." Journal o f
Vacuum Science & Technology B, 12 (4), p.2504-2510, 1994.

63

D.M. Manos and D.L. Flamm, An Introduction to Plasma Etching. Academic
Press, San Diego, 1989.

64

S. Manzini and F. Volonte, "Charge Transport and Trapping in Silicon NitrideSilicon Dioxide Dielectric Double Layers." Journal o f Applied Physics, 58 (11),
p.4300-4306, 1985.

65

L.F. Mao, "The Effective Mass Issues in Light Nitride Silicon Oxide."
Semiconductor, Science, and Technology, 20, p. 1078-1082, 2005.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

162

6 6

67

6 8

P. Mark and T.E. Hartman, "On Distinguishing Between Shottky and PooleFrenkel Effects in Insulators." Journal o f Applied Physics, 39 (4), p.2163-2164,
1968.
H. Martens, H. Diepers, and P.K. Sun, "Improvement of Superconducting Nb
Cavities by Anodic Oxide Films." Physics Letters, 34A, p.439-440, 1971.
C.A. Mead, "Electron Transport Mechanism in Thin Insulating Films." Physical
Review (II), 128 (5), p.2088-2093, 1962.

69

R. Most, "Inside the Physics of Dielectric Films," www.reedelectronics.com/semiconductor/article/CA420728?pubdate=::06%2F01%2F2004.

70

J.F. Moulder, W.F. Stickle, P.E. Sobol, and K.D. Bomben, Handbook o f X-ray
Photoelectron Spectroscopy. Physical Electronics, Inc., Eden Prairie, MN, 1995.

71

M.S. Mousa and D.B. Hibbert, "Field Emission of Electrons from Glass Tips with
Internal Conducting Coats." Journal o f Physics D: Applied Physics, 26, p.697703, 1993.

72

E.L. Murphy and J. R. H. Good, "Thermionic Emission, Field Emission, and the
Transition Region." Physical Review, 102 (6 ), p. 1464-1473, 1956.

73

D. Nicolaescu, "Physical Basis for Applying the Fowler-Nordheim J-E
Relationship to Experimental I-V Data." Journal o f Vacuum Science and
Technology B, 11 (2), p.392-295, 1993.

74

R.J. Noer, "Electron Field Emission from Broad-Area Electrodes."
Physics A, 28, p. 1-24, 1982.

75

J. Pavlu, Z. Nemecek, J. Safrankova, and I. Cermak, "Emissions From
Nonconducting Negatively Charged Dust Grains." IEEE Transactions on Plasma
Science, 32 (4), p.607-612, 2004.

76

R.J. Richter-Sand, "100 kV Pulse Transformer/PFN Modulator Design and Users
Manual." 1996.

77

J.C. Riviere, in Solid State Surface Science, edited by I.M. Green (I.M. Dekker,
New York, 1969), Vol. 1, p. 179.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Applied

163

78

J. Robertson, "Band Offsets of Wide-Band-Gap Oxides and Implications for
Future Electronic Devices." Journal o f Vacuum Science and Technology B, 18
(3), p.1785-1791, 2000.

79

J.W. Robinson, Undergraduate Instrumental Analysis. Marcel Dekker, Inc., 1970.

80

J. Rozen, "Resistivity and Capacitance-Voltage Measurements of Ion-Implanted
and Non-Implanted Silicon Oxynitride Films." 2005.

81

K. Saito, E. Kako, S. Noguchi, P. Kneisel, H. Miwa, and T. Suzuki, "Behavior of
Electropolished Niobium Under Different Cooldown Conditions." Proceedings o f
the International User’s Meeting On The Support And Environments o f HighEnergy Physics Computing, 1991.

82

G.J. Sayag, N.T. Viet, H. Bergeret, and A. Septier, "Field Emission from
Oxidised Niobium Electrodes at 295 and 4.2 K." Journal o f Physics E, 10, p. 176179, 1977.

83

R. Schlesser, M.T. McClure, B.L. McCarson, and Z. Sitar, "Bias Voltage
Dependent Field-Emission Energy Distribution Analysis of Wide Band-Gap Field
Emitters." Journal o f Applied Physics, 82 (11), p.5763-5772, 1997.

84

SemiconFarEast, "Properties of Silicon Dioxide and Silicon Nitride at 300K,"
http ://www. semiconfareast. com/ sio2si3 n4 .htm.

85

R.A. Serway, Physics fo r Scientists & Engineers, Fourth ed. Saunders College
Publishing, Philadelphia, 1996.

8 6

87

8 8

89

J. Shaw, "Effects of Surface Oxides on Field Emission from Silicon." Journal o f
Vacuum Science & Technology B, 18 (4), p. 1817-1824, 2000.
J.G. Simmons, "Poole-Frenkel Effect and Schottky Effect in Metal-InsulatorMetal Systems." Physical Review, 155 (3), p.657-660, 1967.
C.K. Sinclair, H.F. Dylla, T.L. Siggins, D. Manos, L. Wu, and T.J. Venhaus,
"Dramatic Reduction of DC Field Emission From Large Area Electrodes By
Plasma-Source Ion Implantation." Proceedings o f the 2001 Particle Accelerator
Conference, 1, p.610-612, 2001.
M. Stuart, "Conduction in Silicon Oxide Films."
Pysics, 18, p. 1637-1640, 1967.

British Journal o f Applied

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

164

90

N.A. Surplice and R.J. Darcy, "Reduction in the Work-Function of Stainless Steel
By Electric Fields." Journal o f Physics F: Metal Physics, 2 (1), p.L 8 - L10,
1972.

91

B. Swaroop and P.S. Schaffer, "Conduction in Silicon Nitride and Silicon NitrideOxide Films." Journal Physics D: Applied Physics, 3, 1970.

92

S.M. Sze, "Current Transport and Mazimum Dielectric Strength of Silicon Nitride
Films." Journal o f Applied Physics, 38 (7), p.2951-2956, 1967.

93

N. Theodore, L. Wu, and D. Manos, presented at the Virginia Space Grant
Consortium, Hampton, VA, 2002.

94

N. Theodore, L. Wu, C. Sinclair, T. Siggins, and D. Manos, presented at the 14th
Biennial
University/Govemment/Industry
Microelectronics
Symposium,
Richmond, VA, 2001.

95

N.D. Theodore, B.C. Holloway, D.M. Manos, R. Moore, C. Hernandez, T. Wang,
and H.F. Dylla, "Nitrogen-Implanted Silicon Oxynitride: A Coating for
Suppressing Field Emission From Stainless Steel Used in High Voltage
Applications." IEEE Transactions on Plasma Science, 2006.

96

M.T. Thompson, "Inductance Calculation Techniques —Part II: Approximations
and Handbook Methods," www.classictesla.com/downlad/indu pt 2.pdf.

97

M.T. Thompson, "Inductance Calculation Techniques - Part II: Approximations
and Handbook Methods." Power, Control, and Intelligent Motion, 1999.

98

D.V. Tsu, G. Lucovsky, M.J. Mantini, and S.S. Chao, "Deposition of Silicon
Oxynitride Thin Films by Remote Plasma Enhanced Chemical Vapor
Deposition." Journal o f Vacuum Science & Technology A, 5 (4), p. 1998-2002,
1987.

99

L. Vanzetti, M. Bersani, M.Sbetti, and M. Anderle, "XPS and SIMS Depth
Profiling of Oxynitrides." Surface and Interface Analysis, 30, p.255-259, 2000.

100

T.J. Venhaus, "Plasma Source Ion Implantation of High Voltage Electrodes."
Ph.D. Thesis, The College of William and Mary, 1998.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

165

101

J.C. Vickerman, Surface Analysis - The Principal Techniques. John Wiley &
Sons, New York, 2000.

102

T. Wang, C.E. Reece, and R.M. Sundelin, "Direct Current Scanning Field
Emission Microscope Integrated with Existing Scanning Electron Microscope."
Review o f Scientific Instruments, 73 (9), p.3215-3220, 2002.

103 ,

L. Wu, "Surface Processing Using RFI PECVD and RFI PSII." Ph.D. Thesis, The
College of William and Mary, 2000.

104

J. Yeh and S. Lee, "Structural and Optical Properties of Amorphous Silicon
Oxynitride." Journal o f Applied Physics, 79 (2), p.656-663, 1995.

105

R.D. Young, "Theoretical Total-Energy Distribution of Field-Emitted Electrons."
Physical Review, 113 (1), p.l 10-114, 1959.

106

V.V. Zhirnov, G.J. Wojak, W.B. Choi, J.J. Cuomo, and J.J. Hren, "Wide Band
Gap Materials For Field Emission Devices." Journal o f Vacuum Science &
Technology A, 15 (3), p.1733-1738, 1997.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

166

VITA

Nimel D. Theodore
Nimel D. Theodore was bom in Allentown, Pennsylvania on October 23, 1978.
He graduated from Liberty High School located in Bethlehem, PA in June 1996. He
entered Drew University in August 1996 and completed his B.A. with degrees in
Chemistry and Physics and a minor in Mathematics in May 2000.
In August 2000, Nimel Theodore entered The College of William and Mary in
Virginia as a graduate student in the Department of Applied Science. In August 2002, he
completed his M.S. in Applied Science focusing in the fields of Surface Science and
Materials Characterization. Nimel defended his Ph.D. dissertation on the 17th of April
2006. He is currently working as a postdoctoral research fellow with The College of
William and Mary and Thomas Jefferson National Accelerator Facility.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

